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ABSTRACT
This dissertation summarizes the experimental study of novel magnetoresistance (MR)
properties in the GaAs/AlGaAs 2D electron systems (2DES). The first part of the dissertation
discusses the mutual influence between current-induced (𝐼𝐷𝐶 ) negative-giant magnetoresistance
(GMR) and radiation induced MR oscillations. The results show that MR oscillations do not
modify the negative-GMR, and the MR oscillatory extrema disappear asymmetrically with
increasing 𝐼𝐷𝐶 .

The second section discusses the influence of temperature on the weak

localization-like narrow negative-MR effect that appears over the interval -0.025 ≤ B ≤ 0.025
Tesla. Results suggest that the narrow negative-MR effect could be due to coherent backscattering
of electrons from remote ionized donors in the GaAs/AlGaAs system. The last section analyses
the influence of microwave (MW) power on the narrow negative-MR effect. It turns out that the
electrons heating due to the absorption of MW radiation suppresses the narrow negative-MR effect
about the null magnetic field.

INDEX WORDS: Two Dimensional Electron systems, Magnetoresistance, Microwave induced
magnetoresistance oscillations, Giant-Negative magnetoresistance, Weak Localization, negative
magnetoresistance, Shubnikov de Hass Oscillations.
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1
1.1

INTRODUCTION

Purpose of the study
Low-dimensional systems such as two-dimensional electrons systems have received

particular attention during the last decades. Also, the interest in studying low-dimensional systems
has been motivated by the routinely enhanced physical and electrical properties of the
semiconductor heterostructures. Therefore, it is natural for scientists to discover the unique
properties and understand the relevant physics associated with low-dimensional device structures
and explore the possibilities of using them in future devices. In this regards, two-dimensional
electron systems based-on GaAs/AlGaAs heterostructures are extremely useful in various
scientific investigations including the quantum Hall physics, High Electron Mobility Transistor
(HEMT)-based devices for high-frequency products and recent times search for the quantum
computational systems, etc. Also, a better understanding of the fundamental physics and transport
mechanisms of these low-dimensional structures permits to improve the device performances and
their controllability.
The purpose of this study is set to explore the transport properties of ultra-high mobility
GaAs/AlGaAs two-dimensional electron systems, aiming to understand better the fundamental
physical phenomena related to the specimens, when being excited by electromagnetic radiation
and supplementary dc-currents in the presence of magnetic field at low temperatures. Further, this
dissertation is designed such that it gives new insight to associated transport properties of the
GaAs/AlGaAs two-dimensional electron systems including quantum interference effects, negative
magnetoresistance effects, inelastic/elastic scattering events, and mutual influence between
multiple magnetoresistance effects.
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1.2

Structure of this dissertation
This dissertation contains seven chapters. Chapters 2 and 3 introduce and explain the

experimental and theoretical background related to the study. This study is mainly divided into
two major aspects in three chapters. The first major aspect is set to extract, analyze and study the
mutual influence between two overlapping magnetoresistance effects, which are known as
negative giant magnetoresistance, and radiation-induced magnetoresistance oscillations. The
second major accept concerns the effect of temperature and radiation power on the weak
localization- like sharp narrow negative magnetoresistance feature about the null magnetic field.
Chapter 2 will start with the introduction to quantum effect associated with size
quantization and Landau quantization related to two-dimensional electron systems. Further, this
chapter covers the basics of forming a GaAs/AlGaAs two-dimensional electron system, Landau
levels, the formalism of the Drude model and transport in two-dimensional electron systems.
Chapter-3 will mainly focus on the specific magnetotransport properties associated with
the GaAs/AlGaAs type two-dimensional electron systems. This chapter includes a discussion
about the experimental and theoretical background of the interesting magnetoresistance effect such
as Quantum Hall effects, radiation-induced magnetoresistance effect, and associated zeroresistance states, Shubnikov de Haas oscillations, negative giant-magnetoresistance, and weaklocalization effect, etc.
Chapter 4 contains the experimental observations of two coexisting magnetoresistance
effects, which are known as giant negative magnetoresistance effect and microwave induced
magnetoresistance oscillations. The giant negative magnetoresistance effect was controlled by
varying the supplementary dc-current, and it is theoretically modeled using the multi-conduction
Drude model. The main focus of this chapter is to present the method of separating two overlapping
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effects by subtracting the modeled non-oscillatory giant negative magnetoresistance effect from
the experimental data. Further, mutual influence between two overlapping magnetoresistance
effects is discussed.
Chapter 5 comprises another interesting magnetoresistance effect, which is similar in shape
to the well-known weak-localization effect in metals and semiconductors. Here, temperature
dependence measurements of the weak-localization-like narrow negative magnetoresistance in
GaAs/AlGaAs two dimensional electron systems are presented. Also, this chapter contains the fit
of experimental data and calculation of the inelastic scattering length using 2D weak-localization
theory by Hikami. The last section of this chapter is focused on the analysis of single particle
scattering length and the significance of these length scales regarding weak-localization-like effect
in GaAs/AlGaAs two-dimensional electron systems.
In Chapter 6, which is a continuation of Chapter-5, the effect of microwave radiation on
the weak-localization-like narrow negative magnetoresistance is studied over an elevated
microwave power extending up to about 20 mW. In this chapter, the aims are set to explore the
effect of microwave power on the narrow negative magnetoresistance effect about the null
magnetic field and to discuss the effect of microwave power on the inelastic scattering length
calculated using 2D weak-localization-like fit to the data. Further, the calculation of the change in
effective electron temperature due to the applied microwaves and its influence on the inelastic
length as well as the microwave induced magnetoresistance oscillations are presented.
Finally, in Chapter 7, the conclusion of all the research work and future prospective
experiments are presented.
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2
2.1

GaAs/AlGaAs TWO-DIMENSIONAL ELECTRON SYSTEMS (2DES)

Background
When the dimensions of semiconductor structures shrink to only a few tenths of

nanometers, very interesting phenomena in electron transport can be observed. Most of these
phenomena rely on the wave nature of the electrons and the quantization of energy levels. In this
process, intuitive ideas gained from the ordinary world of classical physics had to give away to
those of the entirely different world of quantum mechanics. Quantum size effects or the size
quantization arise in systems which confine electrons to regions comparable to their de Broglie
Wavelength [1,2]. If such confinement occurs in one dimension only, for example, consider a case
where electrons are restricted to move in the z-direction and free to move in x and y-directions, a
two-dimensional electron gas (2DEG) is created. In such a 2DEG, electrons are quantized in the
z-direction. Similarly, 2D hole system is formed if holes are confined in a 2D plane. Suppose an
electron confined in a square well of width 𝑎, with an infinite potential energy along the zdirection. From the fundamental quantum mechanics, we know that the energy of such a size
quantized system can be written as,
𝜋 2 ℏ2 𝑁 2
𝐸𝑁 =
2𝑚∗ 𝑎2
(2.1)
where 𝑁 is the quantum number and 𝑚∗ - is the effective mass of the carriers [1,3]. However, in
the case of the 2D electron systems, that we are interested in this study, the confining potential has
a finite depth, and a non-rectangular shape. For a quantum well with a finite depth, the 𝐸𝑁 term
can be approximately written as 𝐸𝑁 ~ ℏ2 ⁄𝑚∗ 𝑎2 . If the carriers are only confined in the z-direction,
the electrons move as free particles in the xy –plane. Therefore, the total energy of a size-quantized
system can be written as;
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𝐸 = 𝐸𝑁 + (𝑝𝑥2 + 𝑝𝑦2 )⁄2 𝑚∗

(2.2)

Where 𝑝𝑥 and 𝑝𝑦 are the corresponding momentum components in the respective directions.
Along with the reduced dimension, the observation of quantum size effect requires low enough
temperature, which ensures the separation between energy levels, (𝐸𝑁+1 − 𝐸𝑁 ) is greater than the
thermal energy, 𝑘𝑇; i.e. (𝐸𝑁+1 − 𝐸𝑁 ) ≫ 𝑘𝑇. Also, the energy levels can be treated as desecrate
spectrum if the separation between levels (𝐸𝑁+1 − 𝐸𝑁 ) ≫ ∆𝐸, here ∆𝐸 is the the uncertainty in the
energy that is given by ∆𝐸~ ℏ⁄𝜏, and 𝜏 is the transport scattering time. The 𝜏 is proportional to
carrier mobility 𝜇, as given by 𝜇 = 𝑒𝜏⁄𝑚∗ , where 𝑒- is the elementary charge. Therefore, a high
carrier mobility specimens are required to observe quantum size effect. For low-dimensional
systems, there is one more condition for quantization to be present, i.e. high surface quality. Since
the carrier reflections for the surface must be almost specular, the surface must not contain high
densities of charged centers that cause additional carrier scattering. Thus, along with the reduced
dimension, the observation of quantum size effect requires low enough temperature, high carrier
mobility and high quality samples.
Initial studies of 2DES were mainly carried out in systems based on n-channel Si metaloxide-semiconductor field effect transistors (MOSFET) by confining electrons at the Si/SiO2
interface [3]. Also, 2DES can be achieved on a surface of liquid helium while the electrons are
still attached to the liquid helium [4]. Other methods of confining electrons in a 2D plane, can be
identified as topological insulators and novel 2D material such as graphene [5,6]. In this study,
we discuss the magnetotransport studies of 2DES fabricated at the interface of two dissimilar
semiconductor materials, i.e., GaAs and AlGaAs [7].
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2.2

GaAs/AlGaAs 2DES
As mentioned above, observation of quantum mechanical effects requires high mobility,

low defects, spatially confined device structures. This is acquired by employing matured epitaxial
growth techniques such as molecular beam epitaxy (MBE). These growth techniques yield high
quality, atomically flat abrupt semiconductor heterostructures, such as GaAs/AlGaAs
heterostructures, etc., which has opened new pathways to study interesting physical phenomena
associated with them [7].
Figure 2.1 (b) shows a typical energy band diagram of a single heterojunction between ntype and p-type semiconductors [8]. Here 𝐸𝑔1 and 𝐸𝑔2 are the band gaps of the two materials and
∆𝐸𝑣 and 𝛥𝐸𝑐 are valance band offset and the conduction band offset respectively, which are
determined by the electron affinities and the energy gaps of the two contacting materials. Due to
the adjustment of the Fermi level, electrons are transferred from the n-doped layer into the other
semiconductor with the lower band gap. The band bending due to the band offset of both materials
takes care that these electrons are found at the interface between two layers. The electrons are
trapped inside triangular potential well formed at the interface of two materials. The electrons can
only move freely along the interface; therefore, these confined electrons are called twodimensional electron gases [7].
As in all the other systems, 2DES formed in heterojunctions also suffer the problem of
scattering. There are several types of scatters in heterostructures, such as ionized impurities,
phonons, interface roughness, etc. Forming smooth interfaces during the growth process can
control the interface scattering, while phonon scatterings are quenched at cryogenic temperatures
below 4.2 K. To suppress the scattering due to the ionized impurities, the impurities are separated
by using a spacer layer from the two-dimensional electron gas. This method is known as
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modulation doping or remote 𝛿-doping [7-9]. For example, typical GaAs/AlGaAs 2DES reach the
mobility of about ~107 𝑐𝑚2 𝑉 −1 𝑠 −1 at cryogenic temperatures.

a)

Si

AlGaAs

E b)

GaAs

-Z

Triangular Quantum well

-Z
Figure 2.1 The sketch of GaAs/AlGaAs heterostructure and Energy band diagram.
(a) Two-dimensional electron system forms at the GaAs/AlGaAs interface and AlGaAs side is
doped with Si atoms with certain distance away from the interface, (b) The energy diagram of
GaAs/AlGaAs heterostructure in an equilibrium condition. During the equilibrium, electrons (as
shown by black dots) transfer to lower conduction band and accumulate on the narrow-bandgap
side near the interface.
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2.3

Landau levels in 2DES
In this study, we consider the 2DES under magnetic field normal to the 2D plane. Consider

a situation where the 2DES is in xy-plane; the magnetic field component will be in the z-direction
that changes energy spectrum significantly. The eigenvalues of the wave function of a spin-less,
non-interactive, massive electron in a perpendicular magnetic field yield a discrete energy
spectrum that is given by,
𝐸𝑀 = ℏ𝜔𝑐 (1⁄2 + 𝑀)

(2.3)

Where, 𝑀= 0, 1, 2….. 𝜔𝑐 = 𝑒𝐵⁄𝑚∗ is the cyclotron frequency, and 𝑚∗ is the effective mass. Thus,
the energy spectrum has discrete values parameterized by index 𝑀= 0, 1, 2….. These energy levels
are called Landau levels (LL) [1,8,10]. They are separated by the cyclotron energy 𝐸𝑐 = ℏ𝜔𝑐 . The
total energy can be written as,
𝐸 = 𝐸𝑁 + ℏ𝜔𝑐 (1⁄2 + 𝑀)

(2.4)

By considering the electron spin and the corresponding Zeeman splitting of the LL, the total energy
of carriers in the 2D plane can be written as,
𝐸 = 𝐸𝑁 + ℏ𝜔𝑐 (1⁄2 + 𝑀) ± 1⁄2 𝜇𝐵 𝑔𝐵

(2.5)

Here, 𝑔 is the electron g-factor and 𝜇𝐵 is the Bohr magneton, Plus (+) and minus (-) signs represent
the spin up and spin down of the electrons, respectively. At low temperatures, typically the energy
separation in size quantized energy levels is considerably greater than the Fermi energy, 𝐸𝐹 , where
𝐸𝐹 is given by, 𝐸𝐹 = ℏ2 𝑘𝐹2 ⁄2𝑚∗ and 𝑘𝐹 is the Fermi wave vector. If we consider the lowest subband of the size quantized energy levels (i.e., N=1), which is occupied at low temperatures, the
energy values depend only on the quantum number 𝑀 and the spin direction. Therefore, the Landau
levels are highly degenerate, which essentially depend on the dimension of the sample xy-plane. If

9

the characteristic size of an electron orbit is 𝑙𝐵 , which is the magnetic length and 𝑙𝐵 = √ℏ⁄𝑒𝐵 ,
the LL degeneracy per unit area is given by, 𝑛𝐿 = 1⁄ 2 . Hence, the density of state for a given
2𝜋𝑙𝐵
LL, 𝑛𝐷𝑆 can be written as,
𝑛𝐷𝑆 = 𝑒𝐵⁄ℎ

(2.6)

The degeneracy per unit area can also be expressed as 𝑛𝐿 = 𝐵⁄∅. Thus a LL can accommodate as
many as magnetic flux quanta ∅ = ℎ⁄𝑒 penetrate the sample. In sense, each electron state occupies
the area of a single flux quantum. When electrons are put into these states, the number of LL filled
is defined as the filling factor 𝜐,
𝜐=

𝑛𝑒
𝑛𝑒 ℎ
=
𝑛𝐷𝑆
𝑒𝐵
(2.7)

Where, 𝑛𝑒 is the density of charge carriers. Since 𝑛𝐷𝑆 represents the density of states per LL, to
find the density of states for a degenerate electron system, one has to multiply 𝑛𝐷𝑆 by the
corresponding degeneracy factor.
Figure 2.2 (b) exhibit the ideal situation of LL separation and splitting as a function of
magnetic field. However, in reality, the electrons move in a lattice of positive charges and this
lattice is far from being perfect when inspected at a microscopic level. Every point defect or
impurity acts as a scattering center for the electrons. In the presence of impurities, the LL levels
are broadened into landau sub-bands, and it creates two different kinds of electronic states:
localized and extended states (see Figure2.2(c)).
The LL width in a real system is given by,
𝐵

Γ = 𝑝√

𝜇

(2.8)
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Figure 2.2 Two-dimensional electron system in a perpendicular magnetic field.
2DES energy as a function of the density of states. The horizontal dashed line indicates the Fermi
level. a) at Bz=0, the energy spectrum of 2DES is continuous, and the DOS is same for electrons
with a different energy. b) When the magnetic field increases, i.e., Bz>0, the electron energy starts
to split into Landau Levels and in the ideal case, in the absence of impurities no scattering effect.
c) Impurity effect broadens Landau levels in actual samples; the shaded light region represents the
localized states. Electrons in this region do not contribute to the current, as results in the formation
of the Hall Plateau. The darkly shaded region represents the extended states [11]
Where 𝜇 is the mobility and 𝑝 = 2.3 ± 0.3 me V T-1 [12]. For good quality samples Γ ≪ ℏ𝜔𝑐 .
Figure 2.2 (c) shows the density of states of a real 2DES in the presence of impurities at magnetic
field, Bz > 0. At smaller magnetic fields even the Landau levels are formed will not be separated
from each other i.e., the LL separation has to be greater than the width of the LL. As the magnetic
field increases the separation between the LL will increase; as a result, the overlap between two
Landau levels would become smaller and smaller.
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2.4

Drude Model and Hall measurements
Next, we will discuss the fundamental formalism that is related to the magnetotransport in

2DES. In the presence of a magnetic field 𝐵 = (0,0, 𝐵𝑧 ), the equation of motion of an electron of
mass 𝑚 and charge 𝑒, moving with a velocity component 𝑣 = (𝑥̇ , 𝑦̇ , 0) is given by [13],
𝑚

𝑑𝑣
𝑑𝑡

= −𝑒𝒗 × 𝑩

(2.9)

By introducing an electric field 𝐸, and linear friction term, which is supposed to capture the effect
of the electron bouncing off whatever impedes its progress, whether impurities, the underlying
lattice or other electrons, the equation of motion becomes,
𝑚

𝑑𝑣
𝑑𝑡

= −𝑒𝑬 − 𝑒𝒗 × 𝑩 −

𝑚𝒗
𝜏

(2.10)

The coefficient 𝜏 is called the scattering time or the average time between collisions. This equation
of motion is the simplest model of charge transport, based on the kinetic theory of gases with the
relevant assumptions, is called the Drude model [14-16]. Stationary solution of the equation (2.10),
when 𝑑𝑣 ⁄𝑑𝑡 = 0, can be written as,
𝑣+

𝑒𝜏
𝑚

𝑣×𝑩=−

𝑒𝜏
𝑚

𝑬

(2.11)

From the definition of the current density, 𝑱 = −𝑛𝑒𝒗 is the matrix notation of equation (2.11) is
given as,
(

1
−𝜔𝑐 𝜏

𝜔𝑐 𝜏
𝑒 2𝑛 𝜏
) 𝑱 = 𝑚𝑒 𝑬
1

(2.12)

By inverting equation (2.12), one can get the equation of the form, 𝑱 = 𝜎𝑬, which is known as the
Ohm’s law. Here 𝜎 is the conductivity, however in the presence of a magnetic field 𝜎 becomes a
tensor rather than a single number.
𝜎𝑥𝑥
𝜎 = (−𝜎
𝑥𝑦

𝜎𝑥𝑦
𝜎𝑥𝑥 )

We can get the expression for the conductivity as;

(2.13)
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𝜎=
Here, 𝜎0 =

𝑒 2 𝑛𝑒 𝜏
𝑚

𝜎0
1+𝜔𝑐2 𝜏2

(

1
𝜔𝑐 𝜏

−𝜔𝑐 𝜏
)
1

(2.14)

is the conductivity in the absence of a magnetic field. The resistivity 𝜌 is defined

as the inverse of the conductivity,
𝜌𝑥𝑥
𝜌 = 𝜎 −1 = (−𝜌
𝑥𝑦

𝜌𝑥𝑦
𝜌𝑦𝑦 )

(2.15)

From the Drude model we have,
𝜌=

1
𝜎0

(

1
−𝜔𝑐 𝜏

𝜔𝑐 𝜏
)
1

(2.16)

Therefore, these equations directly lead to
𝜌𝑥𝑥 =

𝜎𝑥𝑥
,
2
+ 𝜎𝑥𝑦

2
𝜎𝑥𝑥

𝜌𝑥𝑦 =

𝜎𝑥𝑦
2
+ 𝜎𝑥𝑦

2
𝜎𝑥𝑥

(2.17)
When we apply an electric field in the x-direction, which gives rise to a current density 𝐽𝑥 , but this
current deflects due to Lorentz force exerts by the perpendicular magnetic field and bends towards
the y-direction. This results in a buildup of charge along the edge of the device and an associated
electric field 𝐸𝑦 . This happens until the Lorentz force on the carriers is balanced by the electric
force [17]. So this induced electric field 𝐸𝑦 is responsible for the Hall voltage, 𝑉𝐻 or 𝑉𝑥𝑦 .
Eventually, at equilibrium (i.e. 𝐽𝑦 = 0) we can define one more important parameter known as
Hall coefficient 𝑅𝐻 , which can be written as,
𝑅𝐻 =

𝐸𝑦
1
=−
𝐵𝐽𝑥
𝑛𝑒 𝑒
(2.18)

The Hall coefficient depends only on the carrier density and independent from other material
parameters. Also, the sign of the Hall coefficient determines the type of the carriers.
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3

MAGNETOTRANSPORT IN GaAs/AlGaAs 2DES

Recent advancements in the fabrication technology enable the growth of high quality 2DES
of GaAs/AlGaAs with 2D electron mobilities well above ≈ 107 cm2/Vs, opening new pathways to
study interesting electrical and physical phenomena including fundamental quantum mechanical
effects, such as quantum Hall effects (QHE) [12,13,18,19], Shubnikov de Hass Oscillations (SdH)
[20-23], weak-localization like effects (WL) [24-27], novel microwave induced zero-resistance
states,

radiation-induced

magnetoresistance

oscillations

(MIMO)

[28],

and

giant

magnetoresistance effect (GMR) [29-31] etc. In this chapter, we will briefly discuss some of those
interesting MR effects. First, we will introduce essential terminology to understand MR effects
mentioned above.

Figure 3.1 Schematic of the electrical connection for a typical MR measurement.
Locking based technique is used to measure the Vxx and Vxy and calculate the corresponding MR
using the equation V=IR.
Figure 3.1 exhibits a typical MR measurement, in the presence of a perpendicular magnetic
field (𝐵) and a current (𝐼𝑎𝑐 ) applied along the x direction of the 2D plane; longitudinal (𝑉𝑥𝑥 ) and
transverse (𝑉𝑥𝑦 ) voltages are measured by varying other parameters. The transverse voltage 𝑉𝑥𝑦 is
also known as the Hall voltage. The corresponding resistances 𝑅𝑥𝑥 and 𝑅𝑥𝑦 are calculated using
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the relation 𝑅 = 𝑉⁄𝐼 . When the width of the 2D sample is equal to the length of the measuring
terminals i.e., 𝑊 = 𝐿, resistance is equal to the resistivity, 𝑅𝑥𝑥 = 𝜌𝑥𝑥 .
3.1.1

Quantum Hall effects
In 1980, K. Von Klitzing et al. discovered the quantization of Hall voltage in a Si-MOSFET

device by varying the gate voltage under an applied high magnetic field, B=18 T. This effect is
later known as integer quantum Hall effect (IQHE). Figure 3.2 shows the first observation of
quantizing Hall voltage (here referred as 𝑈𝐻 ) and corresponding longitudinal voltage (here
referred to 𝑈𝑃𝑃 ) by Von Klitzing et. al.[18]. A similar QHE can be achieved by varying the
perpendicular magnetic field as shown in Figure 3.3 by magnetoresistance measurement data of
high mobility GaAs/AlGaAS 2DES at low temperature. The Hall resistance shows steps, which is
known as Hall plateaus or QHE, while longitudinal resistance/resistivity goes to zero at the
corresponding quantum Hall regime. One can expect at zero resistivity the Hall sample is a good
conductor with 𝜌𝑥𝑥 = 0. However, according to equation (2.17), 2D Hall sample becomes a perfect
insulator as well, 𝜎𝑥𝑥 = 0. Also the quantized conductivity 𝜎𝑥𝑦 can be expressed as,
𝑒2

𝜎𝑥𝑦 = ( ) 𝜐𝑁
ℎ

(3.1)

Which depends only on the 𝑒, ℎ and 𝜐𝑁 and is quantized at integer multiplication of 𝑒 2 /ℎ.
This zero -resistance and Hall plateaus can understand in two ways, either by localization
theory or edge state model. At low temperature, localized states do not carry current but extended
states near the unperturbed LL can carry current. One can shift the Fermi level respect to the LLs
by changing either the electron density or the magnetic field. When Fermi level moves in a
localized state (see Figure2.2(c)), the occupation of the extended states does not change, and the
Hall resistance will not change, which gives a Hall plateau. Simultaneously, the longitudinal
resistance vanishes since only localized states are in the vicinity of the Fermi level. When Fermi
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level reaches the next LL, dissipation starts in the system, and the Hall resistance makes a transition
to the next plateau. Therefore, the appearance of the QHE can be understood as localization–
delocalization transitions when the Fermi energy moves across the density of states. According to
the edge model, confining potential produces an upward bending of the LLs (See Figure 3.4). This
creates extended states at the Fermi energy near the sample boundaries. A flow of dissipation-less
current takes place along the edges when the magnetic field suppresses back-scattering of the
electron over a distance larger than the cyclotron orbit. This is responsible for the observation of
QHE. Moreover, in 1993 the Mani-geometry which consists of doubly connected anti-Hall bar
inside a Hall geometry showed that the Hall resistance should be defined as the Hall effect on a
boundary divided by the current injected via the same boundary. Also, an experiment carried using
Mani’s-geometry showed a sign reversal of the Hall-effect by changing either interior or exterior
current applied along the two edges of the sample [32-34].

Figure 3.2 The first observation of the quantized Hall voltage in Si-MOSFET devices.
This graph shows the potential drop between the potential probes 𝑈𝑃𝑃 and the Hall voltage 𝑈𝐻 vs.
the gate voltage 𝑉𝑔 , under a constant magnetic field of 18 Tesla at 1.5 K. The image taken from
the reference [18].
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Figure 3.3 Typical experimental measurement of the RH and Rxx vs. B.
MR measurement of the Hall resistance (RH) and the longitudinal resistance (Rxx) as a function of
magnetic field, B, for a GaAs/AlGaAs 2DES at a temperature of 100 mK. Image courtesy of B.
Jeckelmann et al. 2003 [35].

Figure 3.4 The edge channel picture showing the spatial evolution of the energy spectrum of a
2DEG in a magnetic field with an infinite confining potential at the edges of the sample.
As a consequence, partially filled 1D channels are created which run along the sample edge. States
below the Fermi energy are occupied. The edge channels are located at the intersection of the
Landau levels with the Fermi energy. The image was taken from the reference [10].
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In 1982, Tsui et al. discovered that in certain devices with the reduced disorder, the
quantum number 𝜈𝑁 could take rational fractional values [36]. This is so-called fractional quantum
Hall effect (FQHE). The first observed FQHE corresponds to the Hall plateau at 𝜐𝑁 =1/3. Since
then the features have been observed at many rational fractions. The FQHE is phenomenologically
similar to the integral quantum Hall effect, and it is also characterized by the observation of
vanishing longitudinal resistance/resistivity and the quantization of the Hall resistance/resistivity.
FQHE is exciting because it represents a new experimental observation of a fractional quantum
number as well as it suggests that the quantized plateaus in FQHE result from the transport of
fractionally charges quasi particles in the many-electron systems [37].
3.1.2

Shubnikov de Hass Oscillations
In previous sections, we described interesting MR effects observable in high-quality 2DES

such as GaAs/AlGaAs systems at low temperatures. Both IQHE and FQHE are mainly observed
at high magnetic fields where the LL are well separated. In the presence of relatively lower
magnetic fields, where the Landau levels are not completely separated from each other the density
of states becomes a continuous periodic function of 1/𝐵 and it reflects in longitudinal resistance
as oscillations (Figure 3.5). These oscillations are called Shubnikov de Haas (SdH) oscillations.
The SdH effect is a type of quantum oscillations of longitudinal resistivity/resistance, but
it is not able to reach zero i.e. 𝜌𝑥𝑥 ≠ 0 and also no plateaus visible in the Hall resistance. The
analysis of SdH oscillations has long been an effective tool for the measurement of the properties
of electrons in semiconductors and in 2DEG’s in general. It has been used to determine important
parameters such as, effective mass 𝑚∗ , quantum/single particle scattering time 𝜏𝑆 , and carrier
density 𝑛, in a variety of materials.
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Figure 3.5 The SdH oscillations in a GaAs/AlGaAs 2DES Hall bar specimen at 1.6 K.

The oscillatory part of the SdH oscillations after removing the background of the
magnetoresistance, i.e., ∆𝑅𝑥𝑥 , can be expressed as follows [38,39],
∆𝑅𝑥𝑥 = 𝑅0

𝑋𝑇
𝑠𝑖𝑛ℎ(𝑋𝑇

𝑒𝑥𝑝(−𝜋⁄𝜏𝜔𝑐 )𝑐𝑜𝑠 (2𝜋
)

𝐸𝐹 −𝐸𝑁
ℏ𝜔𝑐

− ∅)

(3.2)

Where 𝑅0 is the zero field resistance, 𝑘𝐵 is the Boltzmann constant; 𝐸𝑁 is the energy of the Nth
sub-band and the 𝑋𝑇 is given by,
𝑋𝑇 =

2𝜋2 𝑘𝐵 𝑇
ℏ𝜔𝑐

(3.4)

For simplicity, one can use 𝛥𝑅𝑥𝑥 in the following form to calculate corresponding parameters.
∆𝑅𝑥𝑥 = 𝐴𝑆 𝑒𝑥𝑝(−𝛼/𝐵)𝑐𝑜𝑠(2𝜋𝐹𝑆 /𝐵)

(3.5)

Here, 𝐴𝑆 is the amplitude of the SdH oscillation, 𝛼 is the damping factor, and 𝐹𝑆 is the SdH
oscillation frequency. Since SdH amplitude and the damping factor is sensitive to the temperature
changes, one can employ above equation to calculate electron heating induced by external factors

19

(see Chapter-5). Also, in the Chapters 5 and 6, will discuss the use of equation (3.5) in the
calculation of single particle scattering time and effective mass related to GaAs/AlGaAs 2DES.
3.1.3

Radiation-induced magnetotransport properties in GaAs/AlGaAs 2DES
Beginning of this section, we briefly discussed some of the interesting dark-MR effects

(i.e., QHE, FQHE, SdH) in systems such as GaAs/AlGaAs 2DES. Also, another exciting MR effect
that is observable in GaAs/AlGaAs 2DES was reported by Mani et al. in 2002 [28]. They reported
the observation of vanishing diagonal resistance (ZRS) and oscillations in the longitudinal
resistance without Hall resistance quantization when the sample is subjected to electromagnetic
wave excitation at low temperatures and low magnetic fields (B ≤ 0.4 T). In the presence of
microwave excitation, these oscillations are named as microwave induced magnetoresistance
oscillation (MIMO). Similar to QHE, MIMO exhibits zero longitudinal resistance in high-quality
GaAs/AlGaAs 2DES at low temperatures. However, it does not show plateaus in the Hall
resistance, unlike QHE or IQHE. Until today, the study of MIMO and ZRS is still in progress
experimentally [28,38,40-83] and theoretically [84-115]. This section will give a summary of
realizing radiation-induced ZRS and MIMO.
Figure 3.6 exhibit the behavior of 𝑅𝑥𝑥 with and without microwave radiation, also the Hall
resistance 𝑅𝑥𝑦 in the presence of MW. One can observe strong oscillations only in the presence of
MW, which span over the range of about -0.4 ≤ B ≤ 0.4 T. Also, at certain magnetic fields the
oscillations goes to zero i.e. 𝑅𝑥𝑥 → 0. Other most interesting feature is that the 𝑅𝑥𝑦 remains
unchanged even when the 𝑅𝑥𝑥 → 0. The corresponding characteristic magnetic field where 𝑅𝑥𝑥 →
0 can be expressed as [28,46],
4

𝐵=[

] 𝐵𝑓

4𝑗+1

Where, 𝑗 = 1,2,3, …. and 𝐵𝑓 = 2𝜋𝑓𝑚∗ ⁄𝑒.

(3.6)
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Figure 3.6 Realization of the zero resistance states and microwave induced magnetoresistance
oscillations (MIMOs) in GaAs/AlGaAs 2DES.
The 𝑅𝑥𝑥 (left) shows oscillations with microwave radiation. This graphs shows the MIMO at 𝑓=
103.5 GHz. Unlike in the QHE, there are no plateaus in the Hall resistance 𝑅𝑥𝑦 when 𝑅𝑥𝑥 → 0
under microwave excitation. After Mani et al. [28]
Also, the observed MIMO’s are periodic in 1/𝐵 and one can extract the important parameters such
as effective mass through the fits of those non-zero oscillations using the exponentially damped
sinusoid function. After subtracting background, the oscillations in 1/𝐵 can be fit to the following
equations,
∆𝑅𝑥𝑥 = −𝐴𝑀 𝑒𝑥𝑝(−𝜆/𝐵)𝑠𝑖𝑛(2𝜋𝐹𝑀 /𝐵)

(3.7)

Where, 𝐴𝑀 is the amplitude of the MIMOs, 𝜆 is the damping factor, and 𝐹𝑀 is the MIMO
oscillation frequency, which relates to the MW frequency 𝑓 as follows,
𝑚∗
𝑚

Where 𝑚 is the electron mass [52].

=

𝑒𝐹𝑀
2𝜋𝑚𝑓

(3.8)
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As mentioned above, some experimental and theoretical studies were carried out during
the past decades to understand the radiation-induced magnetoresistance oscillations and the ZRS.
The experimental results exhibit that the MIMO depend on the MW power, MW frequency,
polarization angle, temperature, etc. According to those studies, the amplitude of the radiationinduced magnetoresistance oscillations appears to be increasing with the MW power. Also, it has
found that MIMO amplitude 𝐴 𝛼 √𝑃, here 𝑃 is the MW power [82,104,109,112,116]. On the other
hand, some reports suggest that MIMO amplitude is linear in MW power. Temperature dependence
studies of MW induced ZRS as well as MIMO clearly indicates that the MIMO amplitude becomes
smaller as the temperatures increases [103,117,118]. Polarization dependence experiments shows
that the MIMO oscillation frequency 𝐹𝑀 and the phase are insensitive to the polarization of the
MW, while the amplitude is remarkably responsive to the relative orientation of the MW antenna
and the current axis on the Hall bar [53,78,110,116]. An interesting effect was observed by
increasing MW frequency, i.e., MIMO oscillations shift to the higher field as frequency increases
and overlap with SdH oscillations [28].
Origin of the MIMO and ZRS is explained by a number of theoretical models such as
displacement model [85] , non-parabolicity model [88], inelastic model [97,119], radiation-driven
electron orbit model [94,95,100,105], and pondermotive force model [99,107] etc. Most of these
models successfully describe the experimental observations, such as temperature dependence.
However, some of them are failed to explain peculiar features observed in radiation-induced
magnetotransport of GaAs/AlGaAs 2DES. For example, in the polarization rotation area, the
inelastic model claims MIMOs are polarization insensitive. Contrary, the displacement model,
non-parabolicity model, and radiation driven electron orbit model predict the polarization
sensitivity. However, the non-parabolicity model only works near the region of cyclotron
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frequency. The radiation-driven electron-orbit model predicts the polarization dependence but only
happens in the high-quality samples. The pondermotive force model does not mention polarization
sensitivity.
As mentioned, MR effects were insensitive to an applied small dc-current (𝐼𝐷𝐶 ≤ 3 𝜇𝐴).
However, we observed that applying a relatively higher dc-current significantly modulates the
MIMO and other MR features. One of the main focusses in the Chapter-4 is to study the effect of
dc-current on the MIMO.
3.1.4

Negative Giant-magnetoresistance (GMR)
We already discussed interesting low field photo-excited magnetoresistance properties,

such as ZRS and radiation-induced magnetoresistance oscillations in GaAs/AlGaAs 2DES.
Similar to the photo-excited MR features, the dark properties in low magnetic field limit have also
attracted recent experimental attention [120-129]. The first dark non-oscillatory magnetoresistance
effect that we are interested here is the Negative-Giant Magnetoresistance (GMR). It is also called
bell-shape GMR or Giant magnetoresistance in GaAs/AlGaAs 2DES. GMR is common in many
other materials and device structures such as magnetic metallic multilayers (MMM), and
magnetic/non-magnetic semiconductor systems, etc. [93,130-134]. However, in this thesis, we will
mainly focus on the study of negative-GMR observed in GaAs/AlGaAs 2DES.
In 1983, Paalanen et al. first reported the bell-shape negative GMR effect confined to 𝐵 ≤
0.1 𝑇 [122]. Subsequently, different groups carried out experiments on bell-shape negative GMR
in GaAs/AlGaAs 2DES and reported that the GMR effect depends on the temperature, carrier
density [135], sample dimensions [31,136], the orientation of the magnetic field [30] and the
scattering type[127,128,137,138] etc. For example, the bell-shape negative MR effect grows with
decreasing temperatures, as well as broadening of the bell-shape negative MR on the magnetic
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field axis increases for reduced Hall bar widths, see figure 3.7 (a). Figure 3.7 (b) exhibits
temperature dependent negative-GMR. One can see that the GMR effect is quenched at higher
temperatures [31].
The negative-GMR is expected due to an electron-electron interaction or scattering effect
in disordered 2D systems. However, the exact origin is still unknown. Analysis of negative-GMR
was typically carried out by fitting the experimental data to the parabolic magnetic field
dependence, i.e., the 𝐵2 - fit model. For example, Hatke et. al. fit the bell-shape GMR using the fit
model given as [139],
𝜌(𝐵)
𝜌0

= 1 − 𝛽𝐵2

(3.9)

Where, 𝜌(𝐵) is the magnetoresistivity, 𝜌0 is the zero field resistivity and 𝛽 is a parameter, which is
extracted from the fits. However, the 𝐵2 fit model does not address some of the interesting features
such as, Hall-effect corrections and the fit results do not agree well with the experimental data
[138].
In 2013, Mani et al. proposed a model, which is known as the multi-conduction Drude
model, to fit negative-GMR in GaAs/AlGaAs 2DES [140]. As we already discussed, 2D
resistivity/conductivity tensor is given by equation (2.17). Since the electron conductivities are
additive one can express the total diagonal 𝜎𝑥𝑥 and off-diagonal 𝜎𝑥𝑦 conductivity terms as follows,
𝜎

𝑖
𝜎𝑥𝑥 = ∑2𝑖=0 𝜎𝑥𝑥
= ∑2𝑖=0 [1+(𝜇𝑖

𝑖 𝐵)

2]

𝜎𝜇𝐵

𝑖 𝑖
𝑖
𝜎𝑥𝑦 = ∑2𝑖=0 𝜎𝑥𝑦
= ∑2𝑖=0 [1+(𝜇

𝑖 𝐵)

2]

(3.10)

0
0
The zeroth terms in equation 3.10, i.e. 𝜎𝑥𝑥
and 𝜎𝑥𝑦
represent the high mobility electrons in the

2DES and therefore, 𝜎0 = 𝑛𝑒 𝑒𝜇0 . Where 𝑛𝑒 and 𝜇0 are the 2D electron density and mobility
1
1
respectively. Additional conductivity terms, i.e., the first term (𝜎𝑥𝑥
and 𝜎𝑥𝑦
) and the second term
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2
(𝜎𝑥𝑥

2
and 𝜎𝑥𝑦
) account for the parabolic positive magnetoresistance and negative

magnetoresistance respectively. Figure 3.7 (circles) exhibits such a fit of GMR using multiconduction Drude model, which agrees well with the experimental data. In Chapter 4, we will
discuss the analysis of dc-current-induced negative-GMR using the multi-conduction model in
detail.

Figure 3.7 Size-dependent giant-magnetoresistance (GMR) in GaAs/AlGaAs 2DES.
Figure (a) exhibit the 𝑅𝑥𝑥 vs. B for different sections of the specimen with width, W=0.4, 0.2, 0.1
mm. Panel (b) presents the effect of temperature on the GMR for the W=0.2 mm Hall bar section.
Also shown are the fits to the data using multi-conduction model. After Mani et al.[31].
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3.1.5

Weak Localization –like effect
Magnetotransport studies on GaAs/AlGaAs 2DES exhibit another significant non-

oscillatory negative MR effect around zero magnetic fields. This effect shows some features
similar to that of the well-known weak localization effect in metals, thin films, and semiconductors
[24-27,121,125,141-154]. However, there are some diverse ideas about the behavior of the WLlike effect in GaAs/AlGaAs 2DES, and the origin is still not well understood. The focus of this
section is to describe the fundamentals and understand the theoretical as well as the analytical
methods that use to characterize the WL-like effect in GaAs/AlGaAs 2DES.
Even though electrical conduction in macroscopic samples at room temperature can be
explained well by assuming charge carriers as classical free particles, the Drude model cannot
explain all conduction phenomena. As expected by the Drude model, lowering the temperature,
suppress the inelastic scatterings leading to decrease resistivity. However, experimental
observations show that below a certain temperature the resistivity of a system such as 2DEG starts
to rise again, which is not sensitive to the classical Drude model. Thus, one would expect
corrections to the Drude conductivity, and the corrections are known as quantum corrections to the
conductivity. They come about due to the phase of the electron's wave function and how this phase
changes as the electron propagates through a material. Figure 3.8 exhibit different trajectories (i.e.,
1, 2, 3) of an electron moving from Point-A to Point-B. Here, we assume that the elastic mean free
length 𝑙𝑒 is smaller than the distance between A and B. Therefore, an electron can undergo many
different elastic scattering events, when travel through a given path. Usually, in systems with a
large number of possible paths, the phases of the electron wave functions are randomly distributed.
Therefore, the wave nature should have no effect on the electron transport due to averaging.
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Figure 3.8 Sketch of electron trajectories showing the weak-localization effect.
Electrons can diffuse from Point-A to Point-B in a 2D disordered sample. Trajectory-3 shows how
weak localization effect occurs due to coherent backscattering alone time reversible paths in which
each of two partial waves returns to the starting point after multiple scattering events. At a zero
magnetic field, the interference of such a path is always constructive. Adapted from [155].

However, in a path like trajectory-3, an electron can undergo multiple scattering while it is
propagating in two opposite orientations in a closed loop, and return to its original position. If
time-reversal symmetry is not broken and the phase of the two partial wave functions is coherent,
the probability of returning an electron to the origin increases, which results in increasing the
localization [24,121,154,155]. Put in other words, the net displacement of the electron is zero.
Localized carriers within a loop do not contribute to the current, and it decreases the conductivity.
This effect is known as Weak localization, which increases the resistivity in disordered systems at
low temperatures. Note that the weak-localization affects the longitudinal resistivity only, the
transverse resistivity is unaltered [155,156].
The WL effect disappears when the phase coherence of the partial wave functions is
broken. Magnetic fields and inelastic collision events decrease the phase coherence length/time.
The magnetic field breaks the time-reversal symmetry of the two counterpropagating waves in the
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ring. Thus their phases are no longer equivalent to one another, and constructive interference is
destroyed. The second major phase decoherence source in a disordered material is the inelastic
collisions. Generally, in the diffusive limit, a propagating electron is subjected to both elastic and
inelastic collisions. There are three major scattering processes which cause dephasing in electrons:
electron-electron scattering, electron-phonon scattering, and spin-flip interactions. Spin-related
interaction is expected in disordered materials with magnetic impurities. At low temperatures,
dominant scattering events are the electron-electron scatterings, while electron-phonon scatterings
become the major dephasing source at higher temperatures. Therefore, the WL effect is essentially
a low temperature and low field phenomena. Even though there are different scattering events,
these various mechanisms are not separated in an experimental measurement, and only the change
in the coherence length is measured. Since, inelastic scattering events are the main reason for
destroying the WL effect, regarding quantum interference, the inelastic mean free path or the
inelastic scattering length, 𝑙𝑖 is the relevant length scale [121,156,157].
In this study, we used 2D weak localization theory by Hikami [158] to calculate the
temperature dependent inelastic scattering length of GaAs/AlGaAs 2DES. By neglecting
dephasing due to the spin-orbit interaction effects, the resistivity at a given field B is given by,
𝜌(𝐵) = 𝜌0 −

𝑒 2 𝜌2
2𝜋2 ℏ

1

𝐵

𝐵

2

𝐵

𝐵𝑖

⌊𝜓 ( + 𝑖 ) + 𝑙𝑛 ⌋

(3.11)

Here, 𝜓 is the Digamma function, 𝐵𝑖 = ℏ⁄(4𝑒𝑙𝑖2 ), 𝜌0 is the resistivity at B=0, 𝜌 is the resistance
per square [24,25,27,125,126,142,147,151,155,158,159]. One can calculate the inelastic mean free
time or the phase breaking time (i.e. 𝜏𝜑 ) through the relationship: 𝑙𝑖 = 𝑉𝐹 𝜏𝜑 , here 𝑉𝐹 is the Fermi
velocity given by, 𝑉𝐹 = ℏ√2𝜋𝑛𝑒 /𝑚∗ . The basic condition for the weak localization is given as
𝑙𝑖 > 𝑙𝑒 , in which electrons can undergo multiple elastic scattering events, before its phase is
randomized. Here, 𝑙𝑒 can be calculated from mobility as, 𝑙𝑒 = 𝑉𝐹 𝜇𝑒 𝑚∗ ⁄𝑒 [160,161].
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Figure 3.9 Different transport regimes based-on elastic scattering length, le and the sample
dimensions, W and L.
Electron trajectories exhibit diffusive (𝑙𝑒 < 𝑊, 𝐿), quasi-ballistic (𝑊 ≤ 𝑙𝑒 ≤ 𝐿), and ballistic
(𝑊, 𝐿 < 𝑙𝑒 ) characteristics, in the presence of boundary and impurity scattering events. In the case
of quasi-ballistic transport, both boundary scattering and impurity scattering events are important,
and the dimensions of the specimen is comparable with the electron elastic scattering length, 𝑙𝑒 .
The figure taken from the reference [162]
Generally, in the diffusive transport regime, 𝑙𝑖 > 𝑙𝑒 . However, according to the available
reports on ultra-high mobility 2DES, 𝑙𝑖 ≪ 𝑙𝑒 [156]. As far as the mobility is concerned, the
transport in low dimensional materials can be grouped into three regimes. As shown in Figure 3.9,
if the width of the samples, W is greater than the elastic scattering length, 𝑙𝑒 calculated using the
mobility, transport is considered as diffusive. Similarly, if the dimensions are much smaller than
the 𝑙𝑒 , the transport is in the ballistic regime. One can define an intermediate transport regime, so
called quasi-ballistic regime if the width of the sample is comparable or smaller than the elastic
scattering length. In the case of High-mobility GaAs/AlGaAs 2DES, it is more reasonable to
consider transport as quasi-ballistic, in terms of mobility [161,162]. In this study, we used the MR
measurements to extract the inelastic scattering length using the 2D WL-like fit of narrow-negative
MR effect and compare it with the single particle scattering length, see Chapter-5.
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4

MUTUAL INFLUENCE BETWEEN DC-CURRENT-INDUCED GMR AND
RADIATION-INDUCED MAGNETORESISTANCE OSCILLATIONS

4.1

Background
In chapter 2, We discussed main characteristic magnetoresistance features that have led to

an interest in theoretical and experimental study in high mobility 2DES. One can expect the
coexistence of two or more such magnetoresistance effects in the same magnetic field range. For
example, MR effects such as radiation-induced magnetoresistance oscillations, phonon-induced
resistance oscillations [163] and Hall-field induced resistance oscillations, [164] can overlap each
other. We observed coexistence of microwave-induced magnetoresistance oscillations with the
𝐼𝐷𝐶 - induced bell-shape negative-GMR. This chapter examine the overlap of microwave induced
magnetoresistance oscillations with the bell-shape negative GMR in GaAs/AlGaAs 2DES. The
observability of these two interesting effects over the same range of magnetic fields and
temperatures has created experimental interest into the questions related to the mutual influence
between the photo-excited oscillatory magnetoresistance and the 𝐼𝐷𝐶 -induced GMR in the 2DES
and whether possible mutual influence can be utilized to obtain new physical insight into the two
effects. Thus, we examined the overlap of microwave photo-excited magnetoresistance
oscillations [28,50-52,58,69,71,83,104,140,165,166] with a 𝐼𝐷𝐶 -induced bell-shape positive and
negative-GMR in GaAs/AlGaAs 2DES [31,167,168]. In more details, the objectives of this study
are (a) to develop a technique to separate coexisting MIMO and negative-GMR using an
empirically established multi-term Drude conduction model [31,169], in order to extract the
characteristics of each individual effect, and (b) to evaluate and determine possible mutual
influence between the two MR effects. The technique described in this chapter involves, first
fitting of the 𝐼𝐷𝐶 -induced negative-GMR and then subtract the fit results from the experimental
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data to get the MIMO. The results confirm separability of the two effect and show, in addition,
that the GMR inducing 𝐼𝐷𝐶 serves to suppress the peaks (maxima) in the photo-excited
magnetoresistance oscillations while leaving the valleys (minima) of the microwave induced
oscillations relatively unaffected.
4.2

Experimental
High mobility MBE grown GaAs/AlGaAs heterostructures were patterned into Hall bars by

photolithography. Four terminal electrical measurements were carried out on the Hall bars using
low-frequency lock-in based techniques with the sample mounted at the end of a cylindrical
waveguide, within a variable temperature insert, inside a superconducting solenoid in the B ⊥ I
configuration. Since the 200 µm wide Hall bars included voltage probes spaced by 200 µm, the
effective Length-to-Width (L/W) ratio for the measurements presented here is L/W = 1. The
samples were photo-excited via the cylindrical waveguide and the incident power was varied

Figure 4.1 Sketch of the MR measurement setup with MW and the supplementary dc-current.
Incident MW power controls the MIMO amplitude and supplementary current, 𝐼𝐷𝐶 account for the
modification in the GMR.
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systematically using variable attenuators. The samples were immersed in liquid helium and
temperature control was realized by controlling the vapor pressure of liquid helium. The ac- and
dc- currents were applied as shown in Figure 4.1. The lock-in sourced ac-current source was held
constant, as the dc-current was varied as desired under computer control, at a series of microwave
power levels P. Typically, magnetic field (B) sweeps of the lock-in detected diagonal voltage 𝑉𝑥𝑥
were collected at a fixed temperature, T, in order to determine 𝑅𝑥𝑥 = 𝑉𝑥𝑥 /𝐼𝑎𝑐 .
4.3

MW Power and Idc dependence of MIMO and negative-GMR
Figure 4.2 (a) and (b) exhibit the magnetoresistance of a GaAs/AlGaAs Hall bar specimen

under f = 70.1 GHz photoexcitation at T = 1.7 K. Figure 4.2 (a) shows the diagonal resistance
𝑅𝑥𝑥 vs. the magnetic field, B, for various microwave source power levels, P. The non-oscillatory
portion of the data show initial negative magnetoresistance to B = 0.15 T, followed by positive
magnetoresistance to B = 0.35 T, with observable Shubnikov-de Haas oscillations for B ≥ 0.2 T
[52,69]. The data also confirm, that in the standard photo-excited experiment, the radiationinduced magnetoresistance oscillations, which are observed roughly over the interval -0.2 ≤ B ≤
0.2 T, increase in amplitude with increasing power up to P = 0.77 mW. The Figure 4.1 illustrates
the configuration, which is the principal focus of this study, for the transport measurements carried
out with a supplementary dc-current, 𝐼𝐷𝐶 in order to examine the influence of the 𝐼𝐷𝐶 on both the
non-oscillatory- and photo-excited oscillatory magnetoresistance in this system.
Figure 4.2 (b) exhibits the 𝑅𝑥𝑥 under constant photo-excitation of f = 70.1 GHz at P = 0.77
mW (solid lines) and in the dark (dashed-lines) for various values of 𝐼𝐷𝐶 over the span 0 ≤ 𝐼𝐷𝐶 ≤
20 µA. Also, figure 4.2 (b) shows that the non-oscillatory MR below B = 0.05 Tesla is uninfluenced
by the 𝐼𝐷𝐶 while the magnetoresistance for 0.05 ≤ B ≤ 0.35 Tesla changes from an overall positive
magnetoresistance to an overall negative giant magnetoresistance with increasing 𝐼𝐷𝐶 . That is, a
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Figure 4.2 Effect of MW power and supplementary dc- current on the magnetoresistance effects.
This figure shows the experimental data i.e. 𝑅𝑥𝑥 vs. B, over the range -0.35 ≤ B ≤ 0.35 Tesla (a)
Photo-excited 𝑅𝑥𝑥 data are shown at MW frequency, f =70.1 GHz and MW power P as the
parameter that spans over 0.09 mW ≤ P ≤ 0.77 mW and 𝐼𝐷𝐶 = 0 𝜇𝐴 (b) This panel exhibit the
photo-excited 𝑅𝑥𝑥 data (solid-lines) at different 𝐼𝐷𝐶 for 0 ≤ 𝐼𝐷𝐶 ≤ 20 µA, with microwave excitation
at f =70.1 GHz and P= 0.77 mW, and under dark conditions (dashed lines). Figure from [170].
negative magnetoresistance effect develops with increasing 𝐼𝐷𝐶 at B ≥ 0.05 Tesla, which reduces
the 𝑅𝑥𝑥 by nearly 40 % at 0.10 Tesla. Note that the |B| ≤ 0.05 Tesla magnetoresistance, which is
unaffected by either P or 𝐼𝐷𝐶 , appears similar in shape to the weak-localization effect [31,138].
The figure also shows clearly that the amplitude of the photo-excited magnetoresistance
oscillations decreases with increasing 𝐼𝐷𝐶 . Next, we will discuss how to separate these coexisting
MIMO and negative-GMR.
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4.4

Extraction of overlapping radiation-induced magnetoresistance oscillations and bellshape GMR.
One aim of the study was to characterize the change in the radiation-induced

magnetoresistance oscillations produced by the supplementary 𝐼𝐷𝐶 in order to gain further
understanding of the physical effect of the 𝐼𝐷𝐶 , we separated both non-oscillatory and oscillatory
terms in the observed 𝑅𝑥𝑥 . Thus, we introduced a fitting model that addressed both the weak
localization-like and the "bell shape" GMR terms.
The weak localization like magnetoresistance was accounted for by including a term 𝜌𝑥𝑥 −
𝜌0 = 𝐴 𝑙𝑛 (𝐵𝑖 ⁄𝐵). Which is a simplified form what would be expected from 2D WL theory upon
neglecting spin-orbit and spin scattering [121,158]. Since it is sufficient to fit the observed WLlike effect and the WL-Like effect is not the main focus of this section, we used the simplified
form of the 2D WL equation in this section. In this equation, 𝐴 = (𝑒 2 𝜌2 ⁄2 𝜋 2 ħ) and 𝐵𝑖 =
ℏ⁄(4𝑒𝑙𝑖2 ). Next, we introduced the multi-conduction Drude model to address the bell-shape
negative-GMR.
4.4.1

Multi-conduction model
The GMR effect was addressed with the multi-conduction Drude model. Thus we set the

diagonal resistance 𝑅𝑥𝑥 in 2D as, 𝑅𝑥𝑥 = 𝜌𝑥𝑥 (𝐿⁄𝑊 ), where 𝜌𝑥𝑥 is the diagonal resistivity, L and W
are the length and the width of the sample. For the samples studied 𝐿⁄𝑊 = 1, which indicates
𝑅𝑥𝑥 = 𝜌𝑥𝑥 . Next the diagonal resistivity, 𝜌𝑥𝑥 and the off-diagonal resistivity, 𝜌𝑥𝑦 can be expressed
in terms of diagonal conductivity, 𝜎𝑥𝑥 and off-diagonal conductivity 𝜎𝑥𝑦 as follows.
𝜌𝑥𝑥 =

𝜎𝑥𝑥
2 +𝜎 2 ⌋
⌊𝜎𝑥𝑥
𝑥𝑦

𝜌𝑥𝑦 =

𝜎𝑥𝑦
2
2 ⌋
⌊𝜎𝑥𝑥 +𝜎𝑥𝑦

(4.1)

(4.2)
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since the experimental results indicate that the negative-GMR changes with 𝐼𝐷𝐶 , we introduced
0
1
0
1
another term to the conductivity; 𝜎𝑥𝑥 = 𝜎𝑥𝑥
+ 𝜎𝑥𝑥
, similarly, 𝜎𝑥𝑦 = 𝜎𝑥𝑦
+ 𝜎𝑥𝑦
. Here , the terms
1
1
𝜎𝑥𝑥
and 𝜎𝑥𝑦
account for the changes in the conductivity due to 𝐼𝐷𝐶 and P. Therefore, the modified

conductivity term can be written as follows,
𝜎

0
1
𝜎𝑥𝑥 = 𝜎𝑥𝑥
+ 𝜎𝑥𝑥
= ⌊1+(𝜇0

0 𝐵)

𝜎

2⌋

+ ⌊1+(𝜇1

2⌋

1 1
+ ⌊1+(𝜇

1 𝐵)

2⌋

(4.3)

and similarly,
𝜇 𝜎 𝐵

0 0
0
1
𝜎𝑥𝑦 = 𝜎𝑥𝑦
+ 𝜎𝑥𝑦
= ⌊1+(𝜇

0 𝐵)

𝜇 𝜎 𝐵
1 𝐵)

2⌋

(4.4)

1
1
0
0
Note that 𝜎𝑥𝑦
= 𝜎𝑥𝑥
× 𝜇0 𝐵. The zeroth conductivity terms, 𝜎𝑥𝑥
and 𝜎𝑥𝑦
represents the high

mobility electrons in 2D-electron system. Thus, 𝜎0 = 𝑛0 𝑒𝜇0 , where 𝑛0 is the electron density and
𝜇0 is the electron mobility in the 2D electron system. The multi-conduction model with two
conductivity terms includes four parameters 𝜇0 , 𝜎0 , 𝜇1 , and 𝜎1 [31,169]. However, the number of
free parameters has been reduced to two, i.e. 𝜇1 and 𝜎1 , by holding constant 𝑛0 and 𝜇0 to the values
extracted from the low field dark measurements at 𝐼𝐷𝐶 = 0. With such accounting for both the weak
localization-like magnetoresistance and the bell-shape giant magnetoresistance, the experimental
magnetoresistance data were fit to the equation,
2
2
𝑅𝑥𝑥 = 𝐴 𝑙𝑛(𝐵𝑖 ⁄𝐵) + 𝜎𝑥𝑥 ⁄⌊𝜎𝑥𝑥
+ 𝜎𝑥𝑦
⌋.

4.5

(3.5)

The fit of GMR and separation of overlapping effects
Figure 4.3 (a) exhibits model fits (dashed lines) of the non-oscillatory portion of the

magnetoresistance data at different 𝐼𝐷𝐶 , under photoexcitation at f = 70.1 GHz and P = 0.77 mW.
Figure 4.3 (b) shows the fit extracted non-oscillatory magnetoresistance. Figure 4.3 (c) exhibits
the residual resistance ΔR xx after subtracting the best-fit non-oscillatory magnetoresistance from
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Figure 4.3 The fits of IDC dependence MR data using the multi-conduction Drude model and
separation of overlapping MR effects.
This figure shows the sample data fit and extraction of MIMO. (a) Experimental data of Figure 4.2
(b) with model fits of the non-oscillatory giant magnetoresistance in the GaAs/AlGaAs 2DES
using the multi-conduction model described in the section 3.4.1. (b) Fit extracted nonoscillatory 𝑅𝑥𝑥 of the panel (a) at various dc-current, 𝐼𝐷𝐶 at P = 0.77 mW. (c) This panel exhibits
the extracted radiation-induced magnetoresistance oscillations after subtracting the model fits from
the experimental data of panel (a), at various 𝐼𝐷𝐶 at P = 0.77 mW. The highlighted region was used
for the fits shown in Figures 4.6 and 4.7. Figure from [170].
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2
the experimental data, i.e., Δ𝑅𝑥𝑥 = 𝑅𝑥𝑥 − {𝐴 𝑙𝑛(𝐵𝑖 ⁄𝐵) + 𝜎𝑥𝑥 ⁄⌊𝜎𝑥𝑥
+ 𝜎𝑥𝑦
⌋}. The shaded region in

the figure 4.3 (c) was further analyzed to understand the effect of 𝐼𝐷𝐶 on the MIMO amplitude.
Figure 4.4 exhibit the fit of the non-oscillatory portion of the magnetoresistance data at different
MW power span over 0.09 mW ≤ P ≤ 0.77 mW, under photoexcitation of f = 70.1 GHz and 𝐼𝐷𝐶 =
0 µA. For the studied range of MW power i.e., 0.09 mW ≤ P ≤ 0.77 mW, the supplementary
current, 𝐼𝐷𝐶 kept constant. One can observe a minimal influence of MW power on the nonoscillatory portion of the MR data. Fitting parameters for the graphs shown in the figure 4.3 (a)
and (b) are tabulated in the Table 4. 1.. For a given value of 𝐼𝐷𝐶 , the MW power dependence nonoscillatory magnetoresistance data, for example, the data shown in the figure 4.4, can be fit with a
constant µ1 over the entire power range. In other words, the additional mobility term µ1 is not
affected by the applied MW power, especially in the range of 0.09 mW ≤ P ≤ 0.77 mW.

Figure 4.4 The fits of power dependence MR data using the multi-conduction Drude model.
This figure exhibits the MW power dependent MR data (solid lines) with model fits (dashed lines)
of the non-oscillatory giant magnetoresistance in the GaAs/AlGaAs 2DES using the multiconduction Drude model. Here, 𝐼𝐷𝐶 = 0 µA and kept constant over an entire range of MW power.
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Table 4.1 Parameters extracted from the fits of non-oscillatory giant magnetoresistance in Figure
4.3 (a) at various IDC, see text. Parameters n0, µ0, and µ1 were held constant as a function of P at
each IDC, the parameter σ1 has been plotted in Figures 4.5 (a) and (b).

4.5.1

IDC (µA)

n0 (1011 cm-2)

µ0 (106 cm2/V s)

µ1 (106 cm2/V s)

0

2.4

11.4

0.019

4

2.4

11.4

0.021

8

2.4

11.4

0.036

12

2.4

11.4

0.041

16

2.4

11.4

0.045

20

2.4

11.4

0.062

Effect of DC-bias and MW power on the negative-GMR.
Figure 4.5 (a) and (b) exhibit the fit extracted σ1 , which captures the behavior of the non-

oscillatory giant magnetoresistance in the experimental data. As observable in figure 4.5 (a), the
σ1 is not significantly affected by the applied P. In contrast, in figure 4.5 (b) the σ1 shows a large
change as a function of 𝐼𝐷𝐶 . One can observe a clear transition of σ1 from positive- to negativevalues with increasing dc-bias from 0 µA to 20 µA. The sign-change in σ1 occurs in the range of
10 ≤ 𝐼𝐷𝐶 ≤ 12 µA. The figure 4.2 (b) suggests that the crossover from positive-to negativemagnetoresistance if one neglects the weak localization like term, the crossover occurs over
roughly this 𝐼𝐷𝐶 interval.
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Figure 4.5 Influence of MW power and IDC on the fit extracted conductivity σ1.
The panels show the conductivity σ1 , a) as a function of MW power P, at various 𝐼𝐷𝐶 , and b)
effect of 𝐼𝐷𝐶 on the σ1 at different P, the traces are offset vertically by 2 x 10-6 Ω-1 for clarity.
Dashed lines are guides to the eye
4.5.2

Influence of DC-bias and MW power on the MIMO amplitude
Figure 4.6 (a) exhibits the experimental oscillatory resistance, 𝛥𝑅𝑥𝑥 in the range of 0.04 ≤

B ≤ 0.16 T as symbols vs. the normalized inverse magnetic field scale 𝐹𝑀 𝐵−1 , for different P and
𝐼𝐷𝐶 = 0 µA, here 𝐹𝑀 is the magnetoresistance oscillation frequency. The 𝛥𝑅𝑥𝑥 is obtained by
subtracting the fit for the non-oscillatory MR from the experimental data, as mentioned above.
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Figure 4.6 Effect of MW power on the MIMO amplitude and damping factor, λ at various IDC.
(a) The plot shows ∆𝑅𝑥𝑥 vs. 𝐹𝑀 𝐵−1 at various P for 𝐼𝐷𝐶 = 0 μA. Here, 𝐹𝑀 is the magnetoresistance
oscillation frequency and B is the magnetic field. The symbols represent data while the lines
𝑓𝑖𝑡
represent fits to exponentially damped sinusoids, i.e. ∆𝑅𝑥𝑥 = −𝐴𝑀 𝑒𝑥𝑝(−𝜆⁄𝐵) 𝑠𝑖𝑛(2𝜋𝐹𝑀 ⁄𝐵).
(b) The magnetoresistance oscillation amplitude, 𝐴𝑀 , vs. P is shown for different 𝐼𝐷𝐶 from 0 μA to
20 μA(circles). Also shown are the power-law fits, 𝐴𝑀 = 𝐴𝑀 0 𝑃𝛽 (solid lines). Fit
extracted 𝐴𝑀 0 and β are shown in Table 4.2. (c) The damping constant, λ, in the exponentially
damped sinusoidal fit of the oscillatory magnetoresistance is plotted vs. P. Figure from [170].
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Table 4.2 Fit parameters obtained from the power-law fits; see Fig. 4.6 (b), of the amplitude of the
oscillatory magnetoresistance induced by photo-excitation at different IDC.
𝐼𝐷𝐶 (μA)

𝐴𝑀 0 (Ω)

β

0

11.5

0.57

4

11.4

0.62

8

7.7

0.64

12

5.6

0.66

16

3.5

0.79

20

1.5

0.81

The plot indicates that the oscillatory extrema are shifted by a ¼ unit with respect to integral values
on the abscissa scale, confirming a "1/4-cycle" phase shift in the radiation-induced
magnetoresistance oscillations. Further, in figure 4.6 (a), the height of the oscillatory MR peak
indicated by the arrow (↑) decreases by about 80 % upon reducing the P by a factor of eight. The
solid lines shown in figure 4.6 (a) are the nonlinear least square fits to the data using exponentially
𝑓𝑖𝑡

damped sinusoids, i.e., ∆𝑅𝑥𝑥 = −𝐴𝑀 𝑒𝑥𝑝(−𝜆⁄𝐵) 𝑠𝑖𝑛(2𝜋𝐹𝑀 ⁄𝐵) [43,45,46,48,52,69]. Here, 𝐴𝑀
is the oscillatory amplitude and 𝜆 is the damping factor. The data fits serve to extract three
parameters: 𝐴𝑀 , 𝐹𝑀 and λ [43,46,52,69,96]. Since 𝐹𝑀 is independent of the radiation-intensity it
was fixed to a constant value [52]. The fit indicates 𝐹𝑀 = 0.1610 T at f = 70.1 GHz, which suggests
that 𝑚∗ ⁄𝑚 = 𝑒𝐹𝑀 ⁄(2𝜋𝑚𝑓) = 0.064, slightly lower than the standard value, 𝑚∗ ⁄𝑚 = 0.067 for
GaAs/AlGaAs 2DES system. Figure 4.6 (b) shows the oscillatory magnetoresistance amplitude,
𝐴𝑀 vs. P for different 𝐼𝐷𝐶 (circles), along with fits (solid line) of the results to 𝐴𝑀 = 𝐴𝑀 0 𝑃𝛽
Here, the oscillatory resistance amplitude shows a sub-linear growth with increasing P, as reported
previously. The fit extracted 𝐴𝑀 0 and ‘ꞵ’ are summarized in the Table 4.2. The table shows that
‘ꞵ’ decreases with increasing 𝐼𝐷𝐶 , as a consequence of fact that the oscillations get smaller with
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Figure 4.7 Effect of supplementary current, IDC on the MIMO amplitude and damping factor.
This figure exhibits the oscillatory ∆𝑅𝑥𝑥 extracted by subtracting the non-oscillatory
magnetoresistance from the experimental data at different 𝐼𝐷𝐶 . (a) The plot shows
∆𝑅𝑥𝑥 vs. 𝐹𝑀 𝐵−1 at various 𝐼𝐷𝐶 for P = 0.77 mW. Here, 𝐹𝑀 is the magnetoresistance oscillation
frequency and B is the magnetic field. The symbols represent data while the lines represent fits to
𝑓𝑖𝑡
exponentially damped sinusoids, i.e. ∆𝑅𝑥𝑥 = −𝐴𝑀 𝑒𝑥𝑝(−𝜆⁄𝐵) 𝑠𝑖𝑛(2𝜋𝐹𝑀 ⁄𝐵). (b) The
magnetoresistance oscillation amplitude, 𝐴𝑀 , vs. 𝐼𝐷𝐶 is shown for different 𝑃 from 0.09 mW to
0.77 mW (circles). (c) The damping constant, λ, in the exponentially damped sinusoidal fit of the
oscillatory magnetoresistance is plotted vs. 𝐼𝐷𝐶 . Image from reference [170].
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increasing 𝐼𝐷𝐶 [52,105]. Finally, figure 4.6 (c) shows the fit extracted oscillation-damping factor,
λ vs. P. Here, λ= 0.234 ± 0.003 served to fit the entire P range.
The highlighted oscillatory resistances in Figure 4.3 (c) have been fit to exponentially
damped sinusoids. Figure 4.7 (a) shows 𝛥𝑅𝑥𝑥 vs. the normalized inverse magnetic field scale
𝐹𝑀 𝐵−1 , along with data fits to the exponentially damped sinusoids mentioned above, here MW
power, P = 0.77 mW. Figure 4.2 (b) shows that the radiation-induced magnetoresistance
oscillations are gradually reduced in amplitude with increasing 𝐼𝐷𝐶 . However, the extrema remain
mostly un-shifted with increasing 𝐼𝐷𝐶 . Figure 4.7 (b) shows the extracted oscillatory amplitude A
vs. 𝐼𝐷𝐶 at different microwave power levels P. From the plot, it is clear that the 𝐴𝑀 decreases with
𝐼𝐷𝐶 at each P. Figure 4.7 (c) shows that a constant damping factor λ serves to fit the 𝛥𝑅𝑥𝑥 for 0 ≤
𝐼𝐷𝐶 ≤ 20 µA.

4.6

Discussion and Summary
This work aimed to study the possible interplay between radiation-induced

magnetoresistance

oscillations

and

the

dc-current

induced

non-oscillatory

giant

magnetoresistance, to further understand any possible mutual influence between these two effects.
Thus, systematic measurements of the 𝑅𝑥𝑥 were carried out as a function of both the microwave
power P (at a constant microwave frequency ‘f’), and the supplemental dc-current 𝐼𝐷𝐶 . As a
function of P at 𝐼𝐷𝐶 = 0 µA, the canonical "1/4-cycle" shifted radiation- induced oscillations were
observed, see Figure 4.6 (a), and the oscillations could be fit with exponentially damped sinusoids.
The oscillatory amplitude increased non-linearly with P, (Figure 4.6 (b)) and the damping factor
remained unchanged with P (Figure 4.6 (c)) [46,51,58,60,63,104,165,171-173]. As a function of
𝐼𝐷𝐶 at a fixed P, the progressive increase of 𝐼𝐷𝐶 revealed a systematic change in the non-oscillatory
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giant magnetoresistance (Figure 4.2 (b)). This non-oscillatory giant magnetoresistance could be
successfully fit with a two term Drude model (see Figure 4.3 (b) and (Figure 4.4). The fit parameter
𝜎1 tracked the change in the non-oscillatory magnetoresistance with 𝐼𝐷𝐶 , see (Figure 4.5 (b)). The
results show that 𝜎1 decreases with increasing 𝐼𝐷𝐶 , sign reversal is observable in 𝜎1 , and the sign
reversal correlates with a change from overall positive to overall negative magnetoresistance.
(Figure 4.3 (b) and Figure 4.5 (b)). Such fits also show that although the non-oscillatory giant
magnetoresistance is sensitive to 𝐼𝐷𝐶 , it is not as sensitive to the microwave power P. This latter
feature is reflected in the relative invariance of 𝜎1 vs. P, see Figure 4.5 (a). As a function of 𝐼𝐷𝐶 at
fixed P, the progressive increase of 𝐼𝐷𝐶 also serves to reduce the amplitude of the radiation-induced
magnetoresistance oscillations, see Figure 4.2 (b), Figure 4.3 (c) and Figure 4.7 (b). For each 𝐼𝐷𝐶 ,
the magnetoresistance oscillations at a fixed P could be fit with exponentially damped sinusoids,
with a constant damping factor λ, see Figure 4.7 (a) and (c). The magnetoresistance oscillation
amplitude dropped monotonically with increasing 𝐼𝐷𝐶 at each microwave power P, see Figure 4.7
(b). This work therefore shows that the 𝐼𝐷𝐶 tunable giant magnetoresistance in the GaAs/AlGaAs
2D system [174] follows the multi-conduction Drude model even when supplementary radiationinduced magnetoresistance oscillations are induced by microwave photo- excitation of the
specimen. Indeed, the radiation-induced magnetoresistance oscillations and the giant
magnetoresistance appear separable in the sense that one may fit the non-oscillatory
magnetoresistance, proceeding as though the magnetoresistance oscillations do not exist, and
remove it from the experimental data, to obtain separated giant magnetoresistance and radiationinduced magnetoresistance oscillations. At the moment, the only observable mutual influence
appears to be the reduction in the amplitude of the radiation- induced magnetoresistance
oscillations with increased 𝐼𝐷𝐶 . A close examination of Figure 4.2 (b)) shows that the reduction in
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the amplitude of the radiation-induced magnetoresistance oscillations with increasing 𝐼𝐷𝐶 proceeds
in a curiously asymmetric manner: Increasing 𝐼𝐷𝐶 greatly reduces the 𝑅𝑥𝑥 at the oscillatory maxima
while the effect of the 𝐼𝐷𝐶 on the 𝑅𝑥𝑥 minima is much smaller. This feature suggests one possible
route to understanding the results: In the strong field condition, ωτ >> 1, which is satisfied at B ≥
2
0.001 T in such specimens, the 𝜌𝑥𝑥 is directly proportional to the 𝜎𝑥𝑥 , i.e., 𝜌𝑥𝑥 ∝ 𝜎𝑥𝑥 ⁄𝜎𝑥𝑦
. This

implies that reduced diagonal resistance/resistivity is a consequence of reduced diagonal
conductance/conductivity. Thus, one might say that at the oscillatory resistance maxima, the
diagonal conductivity is suppressed with increasing 𝐼𝐷𝐶 in Figure 4.2 (b). On the other hand, at the
minima, see Figure 4.2 (b), the relative insensitivity of 𝑅𝑥𝑥 to the 𝐼𝐷𝐶 indicates that the diagonal
conductivity cannot suppress further by the 𝐼𝐷𝐶 . One way to understand this feature is to assert that
'optimal' microwave photo-excitation reduces the diagonal conductivity to its lowest possible value
at the oscillatory minima at a given temperature, and that the 𝐼𝐷𝐶 is not very effective in reducing
the diagonal conductivity further, below this value. As a consequence, 𝐼𝐷𝐶 fails to make a
significant change at the oscillatory magnetoresistance minima. On the other hand, at the photoexcited oscillatory magnetoresistance maxima, where photo-excitation serves to enhance the
diagonal conductivity above the dark value, the supplemental current can be very effective in
reducing the conductivity because there is room to do so and, therefore, the diagonal resistance at
the oscillatory maxima is suppressed by the 𝐼𝐷𝐶 . When, at say 𝐼𝐷𝐶 = 20 µA in Figure 4.2 (b), 𝐼𝐷𝐶
has its optimal effect, the radiation-induced magnetoresistance oscillations disappear mostly
because the supplemental current prevents the oscillatory resistance (conductance) enhancements
that occur at the peaks of the radiation-induced magnetoresistance oscillations. Finally, we note
here that prior work by Hatke and co-workers examined the effect of the dc-drive at cyclotron
resonance subharmonics at f = 27 GHz [66]. In comparison, we examine the effect of dc-drive at
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cyclotron resonance harmonics at f = 70.1 GHz. Cyclotron resonance subharmonics are not evident
at f = 70.1GHz. Bykov et al [175] examined the effect of a dc-drive without microwaves in strong
magnetic fields with strong Shubnikov de Haas oscillations, while this work examines the interplay
between the dc-drive and the microwave excitation on the magnetotransport.
In summary, this study shows that a 𝐼𝐷𝐶 tunable giant magnetoresistance can coexist with
radiation-induced magnetoresistance oscillations in the GaAs/AlGaAs 2D electron system.
Further, the two effects are separable and can be separated using a two term Drude multiconduction model. It appears that the radiation-induced magnetoresistance oscillations have a
minimal effect on the current-tunable non-oscillatory magnetoresistance. On the other hand, the
𝐼𝐷𝐶 responsible for the magnetoresistance produces a progressive and rather asymmetric decrease
in the amplitude of the radiation-induced oscillations. The results suggest that the supplemental
𝐼𝐷𝐶 serves to produce an overall decrease in the diagonal conductivity, and this serves to reduce
and eventually eliminate the conductivity enhancements at the peaks of the radiation-induced
oscillatory magnetoresistance. Since dissipative transport in the strong field magnetic limit
proceeds by scattering from state to state in the vicinity of the Fermi level, it appears that the 𝐼𝐷𝐶
serves to suppress such scattering in the strong field limit.
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5

ANALYSIS OF WL-LIKE NARROW NEGATIVE MAGNETORESISTANCE
EFFECT IN GaAs/AlGaAs 2DES USING 2D WEAK-LOCALIZATION THEORY

5.1

Background
Similar to the photo-excited MR effect, the dark properties of the high mobility

GaAs/AlGaAs 2D system in the low magnetic field limit have also attracted recent experimental
attention. In Chapter 4, We have discussed the one such interesting effect, negative-GMR. There
is an another observable sharp and small, negative magnetoresistance effect near the null magnetic
field in GaAs/AlGaAs 2DES, which is referred to here as a “WL-Like narrow negative-MR effect”
or “narrow negative-MR effect.” In Chapter 2, We have discussed the general theory behind the
WL effect and the expected basic conditions to consider a negative-MR feature around the null
field as a result of weak localization. Early reports back in the 1980s [125,126] examined the size
effects on the phase-breaking rate and the Weak localization effect of good quality GaAs/AlGaAs
2DES material. In low-mobility (≈ 105 cm2 V-1s-1) GaAs/AlGaAs 2DES [142,176,177] the
temperature dependent conductivity drop at the null magnetic field was viewed as either
localization or carrier interaction effect. In the modern era, Bockhorn et al. reported a temperature
invariant small and narrow magnetoresistance effect around zero magnetic fields as a sign for the
absence of weak localization in high-quality GaAs/AlGaAs 2DES samples [135,178]. It turns out
that the origin of the small and narrow negative magnetoresistance effect about null magnetic field
in these ultra-high mobility samples is still under debate, since the low disorder and long elastic
mean free path even in mm-scale high mobility GaAs/AlGaAs specimens suggests the absence of
diffusive transport - a necessary condition for the observability of weak localization.
The focus of this chapter is a) to present an experimental observation of temperature
dependent WL-like sharp negative magnetoresistance effect in high mobility GaAs/AlGaAs
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2DES, b) to determine whether a Hikami et al.[158] theory can succeed to model the observed
narrow, negative magnetoresistance effect, c) to extract the characteristic parameters such as the
inelastic scattering length li, and d) to understand the possible scattering mechanisms in these highmobility 2DES samples. Thus, experimentally, we studied the influence of temperature on the
narrow negative magnetoresistance effect, and the data were fit using 2D WL theory by Hikami et
al., neglecting spin-orbit interactions. The results indicate that 𝑙𝑒 > 𝑙𝑖

even at the lowest

temperatures and dose not satisfy the well-known typical condition for weak-localization effect,
i.e. 𝑙𝑒 ≤ 𝑙𝑖 [155,156]. However, in the high mobility GaAs/AlGaAs 2DES, small angle scattering
from remote charged impurities predominates, and such scattering mostly influences the single
particle scattering length, ls, rather than the elastic length le. Therefore, in order to further
understand the dominant scattering events and correlation of the single particle scattering length
to the inelastic scattering length, in terms of WL- like effect in high mobility GaAs/AlGaAs 3DES,
we have also evaluated the ls from line-shape fits of Shubnikov-de Haas oscillations [20,179,180].
5.2

Experimental
In this study, we used a similar type of GaAs/AlGaAs 2DES Hall bar devices and the

measurement techniques are similar to that presented in the section-4.2. In order to understand the
temperature effect on the narrow WL-like effect, we made temperature dependence
magnetoresistance measurements on two different GaAs/AlGaAs samples at various bath
temperatures ranging from 1.7 K to 20.5 K. The low temperature (~1.7 K) electron density n and
the mobility, µ of the two samples, i.e., Sample-A and Sample-B were 𝑛𝐴 =3.1 x 1011 cm-2, 𝑛𝐵 =2.4
x 1011 cm-2 and µ𝐴 = 1.3 x 107 cm2/V s, µ𝐵 = 1.13 x 107 cm2/V s respectively.
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5.3

Observation of the temperature dependent WL-like effect
Figure 5.1 exhibits typical magnetoresistance data, i.e. 𝑅𝑥𝑥 vs. B, of a GaAs/AlGaAs Hall

bar specimen at T = 1.7 K under dark conditions (black-curve) and under photo excitation at a
frequency f = 70.1 GHz, with source power set to P = 0.77 mW (red-curve). The non-oscillatory
portion of the data shows initial negative magnetoresistance to B = 0.15 T. The inset of figure 5.1
shows the enlarged view of the narrow negative magnetoresistance term, which is the main focus
of this study, that spans roughly over -0.025 ≤ B ≤ 0.025 T, and it is reminiscent of the weak
localization effect [25-27,121,125,126,142,154,176]. Under these conditions, the shape of the
narrow negative magnetoresistance peak is not significantly affected by the photo excitation.
However, in Chapter-6 we will discuss more about the influence of MW power on this WL-like
effect. Figure 5.2 exhibits the dark magnetoresistivity data for the Samples-A as an example, at
selected temperatures. The resistivity of the sample increases with increasing temperature as
expected.

Figure 5.1 Weak localization-like negative-MR in GaAs/AlGaAs heterostructure 2DES.
This figure shows typical MR data, i.e., 𝑅𝑥𝑥 vs. B in the range of -0.4≤ B ≤ 0.4 Tesla. Solid curves
represent MIMOs at MW frequency f=70.1 GHz and power P = 0.77 mW. The Dotted curve shows
the dark MR data taken at T=1.7 K. The inset shows the enlarged view of the corresponding
narrow-negative MR effect that appears around zero field. Figure from reference [181].
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Figure 5.2 Temperature dependent WL-like narrow negative-MR effect.
This figure exhibit the row magnetoresistivity data (𝜌𝑥𝑥 ), over the span of -0.02 ≤ B ≤ 0.02 Tesla
for sample-A at selected temperatures from 1.75 K to 12.40 K. Narrow-negative MR effect that
appears around null magnetic field quench at elevated temperatures.

5.4

The fit of narrow negative-MR effect using 2D WL theory
To acquire further understanding about the narrow negative MR effect around the null

magnetic field, one way of looking at this effect is to treat it as a WL effect and check whether 2D
WL theory can model the experimental data. Therefore, we further analyzed the narrow peak using
2D weak localization theory by Hikami et al. For the 2D WL regime, in the absence of spin-orbit
scattering, the weak-localization correction to the resistivity at magnetic field B is given by,

𝜌(𝐵) = 𝜌0 −

𝑒 2 𝜌2
2𝜋2 ℏ

1

𝐵

𝐵

2

𝐵

𝐵𝑖

⌊𝜓 ( + 𝑖 ) + 𝑙𝑛 ⌋

(5.1)

Here, 𝜓 is the Digamma function, 𝐵𝑖 = ℏ⁄(4𝑒𝑙𝑖2 ) and the 𝑙𝑖 is the inelastic scattering length as
described in the Chapter 3. We used this equation to fit weak-localization-like effect in our
experimental data and fit parameter 𝐵𝑖 was extracted from the fittings.
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Figure 5.3 Fit of temperature dependence narrow negative-MR effect using 2D-WL theory.
This panel exhibits magneto resistivity data (𝜌𝑥𝑥 ) for (a) Sample-A and (b) Sample-B at selected
temperatures, over the span of -0.03 T ≤ B ≤ 0.03 T. (c), (d) Circles represent the normalized
∆𝜌
experimental data (i.e. 𝑥𝑥⁄𝜌0 ) vs. B and solid-lines represent the corresponding fits using 2D
weak localization theory. Figure from reference [181].
Figure 5.3 (a) and (b) shows a comparison of raw MR data over the field range of -0.03 ≤ B ≤ 0.03
Tesla, for both samples at selected temperatures. The sample- A shows a much narrower weak
localization-like effect compared to the Sample-B. In both samples, the FWHM of the peak
increases with increasing the temperature. Solid lines in Figure 5.3 (c) and (d) exhibit
corresponding fits to the data of Sample-A and Sample-B respectively at selected temperatures.
Note that the data and fit results in Figure 5.3 (c) and (d) are shown as ∆ 𝜌𝑥𝑥 ⁄𝜌0 , for the sake of
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clarity, where ∆𝜌𝑥𝑥 = 𝜌(𝐵) − 𝜌(0) . Here, the maximum change in the resistivity ∆ 𝜌𝑥𝑥 ⁄𝜌0 due to
the weak-localization-like effect in Sample-A at T ~1.7 K is (∆ 𝜌𝑥𝑥 ⁄𝜌0 )= 0.37 and that of the
Sample-B is (∆ 𝜌𝑥𝑥 ⁄𝜌0 )= 0.22. Such changes appear to be surprisingly large for weak localization.
5.5

Influence of temperature on the WL-Like effect
Next, we will explore more details about the fit extracted inelastic length, 𝑙𝑖 and the

conductivity correction, ∆𝜎 as a function of temperature. Figure 5.4 exhibits the temperature
dependence of the inelastic length, 𝑙𝑖 for the Sample-A and Sample-B, that was calculated using
the fit extracted parameter 𝐵𝑖 . The 𝑙𝑖 at T = 1.7 K of the samples, A and B are 4.10 µm and 0.76
µm respectively. The 𝑙𝑖 in both samples decreases monotonically with increasing temperature. In
comparison, the elastic scattering length le for the samples-A and B at 1.7 K are 123 µm and 79
µm respectively, and the characteristic width of the Hall-bar sample is W = 200 µm. Thus, the
order of magnitude of W and le are the same although W > le. On the other hand, the li << le, roughly
by a factor of 100. Sample-A with relatively higher electron density and mobility exhibits greater
li and it differs from the Sample-B by a factor of ≈ 5. The fit extracted li values of both samples
follows 𝑇 −2 law curves above ≈ 3 K (solid lines in Figure 5.4), and data deviates from the fit
curves showing a tendency of saturation at lower temperatures, see figure 5.4-inset [182-184]. The
𝑇 −2 behavior of the li in the given temperature range suggests that the inelastic scatterings of these
samples may be mainly electron-electron type [24,125,126,177,185].
Figure 5.5 exhibits the conductivity change ∆𝜎, for the two samples. Sample-A shows
greater change in the conductivity due to the narrow negative magnetoresistance effect and ∆𝜎 in
both samples becomes vanishingly small above T ≈10 K. Note that the logarithmic temperature
dependence of the conductivity correction in the low-temperature limit can be viewed as a
signature of WL effect in 2DES [148,186].
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Figure 5.4 Temperature dependence of the inelastic scattering length li.
This figure shows the effect of bath temperature, T on the li for Sample-A (left ordinate) and
Sample-B (right ordinate), Solid lines correspond to T-2 law fit curves. The inset shows the li, for
both samples in a log-log scale.

Figure 5.5 The localization-like correction to the Drude conductivity, Δσ in 2D.
This figure shows Δσ vs. Ln(T), Δσ the localization-like correction to the Drude conductivity in
2D for Sample-A and Sample-B. Dashed-lines are guided to the eye showing the linear behavior
of Δσ with Ln(T) at temperature, T ≤ 7 K.
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5.6

Single particle scattering time, 𝛕𝐬
It is shown that the li < le in this high mobility, quasi-ballistic GaAs/AlGaAs 2DES samples.

Further, it is known that the small angle scattering from remote ionized impurities is predominant
in these samples and, as a consequence, the elastic scattering length 𝑙𝑒 can exceed single particle
scattering length 𝑙𝑠 . Since the 𝑙𝑒 mostly reflects the large angle scattering while 𝑙𝑠 account for all
scattering including small angle scatterings, we expect that the analysis of 𝑙𝑠 other than the 𝑙𝑒 may
be more effective in the case of studying WL-like coherent back-scattering in ultra-high mobility
2DES. Therefore, we utilized the line shape fits of the low-field SdH oscillations to determine 𝜏𝑆
and thereby the single particle length, 𝑙𝑆 = 𝑣𝐹 𝜏𝑆 , that reflects all scattering events [20,179,180].
5.6.1

Calculation of the single particle scattering length/time
Figure 5.6 (a)-(c) shows the SdH oscillations in the inverse magnetic field, B-1 scaled with

the oscillation frequency 𝐹𝑆 for Sample-A at some selected temperatures. Figure 5.6 (a)-(c) solidlines

exhibit

the

fit

using

𝑓𝑖𝑡

∆𝑅𝑥𝑥 = −𝐴𝑆 exp(−∝(𝑇) ⁄𝐵) cos(2𝜋𝐹𝑆 ⁄𝐵)

Here,

∝(𝑇) =∝

(𝑚∗ ⁄𝑚𝑒 )(𝑇 + 𝑇𝐷 ), ∝=14.69 T/K, 𝑚∗ ⁄𝑚𝑒 =0.064 for these samples and TD is the Dingle
temperature. Intercept of the graph of ∝(𝑇) vs. T (Figure 5.6 (d)) determines the value of TD. The
𝜏𝑆 is related to TD through the expression 𝜏𝑆 = ℏ⁄(2𝜋𝑘𝐵 𝑇𝐷 ), where kB is the Boltzmann constant.
As shown in the Figure 5.6 (d), the calculated Dingle temperature for the Sample-A is TD = 0.23
± 0.15 K and the corresponding 𝜏𝑆 = 4.9 ps. The associated single particle scattering length 𝑙𝑆 , for
the Sample-A, calculated using 𝑙𝑆 = 𝑣𝐹 ∗ 𝜏𝑆 =1.26 µm, and li > ls. This result suggests the
possibility that the observed small and narrow negative magnetoresistance effect can be
understood as a result of coherent backscattering, if small angle scattering due to remote ionized
impurities is responsible for the scattering-induced closed electronic trajectories involved in weak
localization.
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Figure 5.6 Calculation of single-particle scattering parameters, τS and lS using SdH Oscillations.
(a)-(c) These figures exhibit the background subtracted SdH-Oscillations, ∆R xx vs. B −1 (open
circles) and numerical fit (solid lines) to the equation, ∆Rfit
xx = −𝐴𝑆 exp(−∝(T) ⁄B) cos(2π𝐹𝑆 ⁄B),
at different temperatures, 𝐹𝑆 is the oscillations frequency and ∝(T) =∝ (m∗ ⁄me )(T + TD ). (d)
Showing the fit extracted temperature dependent damping factor ∝(T) vs. T for the Sample-A, solid
line represent the linear fit to the data and the intercept of the best fit line is used to calculate the
single particle scattering parameters. Figure from reference [181].
5.7

Discussion
Magnetotransport studies of the GaAs/AlGaAs 2DES exhibit a narrow negative MR effect

that appears around zero fields, as discussed in Chapter-4 and previous reports [31,169]. This effect
reminds the well-known WL effect in metals, thin films, and semiconductors. Others have
examined similar effects in GaAs/AlGaAs devices, and the effect has been studied by varying
physical parameters such as carrier density, the dimensionality of the sample, and temperature (<
5 K) [24,25,27,125,126,148,154]. This work aimed to study the influence of temperature on the
observed narrow negative MR effect, and determine whether a weak localization type line-shape
analysis succeeds in describing the data and examine the significance of extracted physical
parameters. Thus, systematic measurements of the 𝑅𝑥𝑥 were carried out as a function of
temperature ranging from about 1.7 K to ≈20 K for two different samples. The 𝑅𝑥𝑥 data were fit
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using 2D WL theory by Hikami e al. [158], neglecting the spin orbit scattering term, and also
electron-electron interaction effects, in order to minimize the number of fitting parameters. The
neglect of the spin-orbit scattering term can be justified by the absence of any weak antilocalization like signature even at the lowest temperature [24]. Further, these high-mobility 2DES
does not exhibit a concurrent temperature dependence modification to the Hall coefficient
indicating the absence of conductivity correction due to the electron-electron interaction effect
[31].
With increasing the temperature, FWHM of the narrow negative-MR effect increases and
the peak height decreases, see Figure 5.3 (a) and (b), while it is restricted to weak magnetic fields
around B = 0 T as it spans -0.025 T ≤ B ≤ 0.025 T, Figure 5.2. This narrow peak is similar in
appearance to the typical temperature dependent WL effect. Typically, the weak localization effect
disappears with increasing temperature as 𝑙𝑖 , which initially exceeds 𝑙𝑒 at the lowest temperatures,
becomes smaller and, eventually, comparable with the elastic scattering length 𝑙𝑒 , i.e., 𝑙𝑖 ≈𝑙𝑒 . In
both samples, the fit extracted inelastic length, 𝑙𝑖 , see Figure 5.4, monotonically decreases with
increasing temperature [24,187]. Major inelastic scattering processes are electron-electron or
electron-phonon scatterings, while at low temperatures the electron-electron scattering dominates
the process. Also, the 𝑇 −2 behavior of the li in the given temperature range suggests that the
inelastic scatterings of these samples may be mainly electron-electron type. For the data shown
here, in addition to the reduction in the inelastic scattering length with increased T, a result obtained
through fits, quenching of the narrow negative-MR effect at higher temperatures is also confirmed
by the reduced conductivity change with increasing T, see the Figure 5.5. A relatively stronger
narrow negative-magnetoresistance effect is observed here in the Sample-A with the higher
mobility/density. Figure 5.4 also indicates that the li in sample-A exceeds that in Sample-B
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throughout the examined temperature range. It is expected that a sample with higher
mobility/density will exhibit a relatively larger li than a lower mobility/density sample [155].
The elastic scattering length 𝑙𝑒 for the samples-A and B are 123 µm and 79 µm respectively,
and the characteristic width of the Hall bar sample is W = 200 µm. Since the order of magnitude
of W and 𝑙𝑒 are in the same range, these specimens satisfy the quasi-ballistic transport condition,
while weak localization is a characteristic of diffusive transport. In these high mobility specimens
where scattering is predominantly due to long range Coulomb potentials from remote charged
impurities, most scattering is expected to be of the small-angle variety. Since such scattering does
not impact so much the transport time, one expects that the 𝑙𝑒 , which is of the same order as the
sample width, to not be the parameter of interest for comparison, as far as weak localization is
concerned in these 2DES. Thus, we calculated the single particle lifetime, 𝜏𝑠 , which account for
all scattering events and determined the 𝑙𝑆 = 𝑣𝐹 ∗ 𝜏𝑆 . Note that the ratio 𝑙𝑒 ⁄𝑙𝑠 ≈ 100 in these
specimens. This indicates that remote ionized impurity scattering, which favors small angle
scattering, is predominant and significant in our samples, also reported by others for other
modulation-doped GaAs/AlGaAs 2DES [20,153,179,180]. One can note that, for these high
mobility specimens li > ls holds true, rather than li > le, as is usual for weak localization. Indeed, it
turns out that while li > le is not satisfied in these specimens, the proposed alternate condition li >
ls holds true. This result has suggested the interpretation that the observed small and narrow
negative magnetoresistance effect around zero magnetic field may be due to the WL-like coherent
backscattering effect induced by small angle scattering from remote ionized impurities in the high
mobility GaAs/AlGaAs 2DES.
Bockhorn et al. have given a different explanation for this narrow negative-MR effect
around B = 0 T in GaAs/AlGaAs 2DES.[135,188]. Their measurements, carried out below T = 800
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mK, exhibited a similar sharp negative-MR effect around zero fields. The magnetoresistance
correction turned out, however, to be temperature independent. They suggested that the narrow
negative magnetoresistance peak is induced both by remote ionized impurities, and rare strong
scatters due to the presence of macroscopic defects. In this regard, note that magnetoresistance
saturation due to a saturation of the inelastic scattering length at low temperatures T → 0 is known
[136,155,156]. Our data also tend to saturation of 𝑙𝑖 at low temperature as expected.
In summary, this chapter examines narrow-negative magnetoresistance effect, i.e., weak
localization like effect, which appears around B = 0 Tesla in the high mobility, µ ≈ 107 cm2 /V s,
GaAs/AlGaAs 2DES. This work explained the influence of sample temperature (1.7 ≤ T ≤ 20 K)
and carrier density/mobility on the inelastic length, 𝑙𝑖 that are extracted from a line-shape analysis
using WL-theory by Hikami et al. The fit extracted 𝑙𝑖 decreases with increasing temperature, and
follows 𝑇 −2 law curve is suggesting that the main scattering events are the electron-electron type.
Further, inelastic length 𝑙𝑖 holds the condition that the li > le, at all the temperature range, which is
not what would be expected for canonical weak-localization. However, since these high mobility
GaAs/AlGaAs 2DES specimens are characterized by charged impurity scattering from remote
donors, scattering is expected to be predominantly of the small angle variety. Thus, we measured
𝜏𝑠 and 𝑙𝑠 , the single particle lifetime and the corresponding mean free paths, respectively, which
take into account the small angle scattering. Finally, all these observations suggest that the
observed small and narrow negative MR effect could originates from the weak localization-like
coherent backscattering due to small angle scattering from remote ionized donors in the high
mobility GaAs/AlGaAs 2DES.
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6
6.1

EFFECT OF MW POWER ON THE NARROW NEGATIVE-MR EFFECT

Background
In chapter 5, we discussed the effect of temperature on the narrow-negative-MR effect, and

it suggests that the observed small and narrow negative-MR effect originates from WL-like
coherent backscattering effect due to small-angle scattering from remote ionized donors in high
mobility GaAs/AlGaAs 2DES. The MR data were fit using 2D WL theory by neglecting the spinorbit interaction. The temperature dependence analysis of characteristic length scales gives insight
to the possible inelastic scattering events and the effect of temperature on these mechanisms. The
next topic of interest is the influence of MW photo-excitation on the narrow-negative-MR effect
and corresponding characteristic times/lengths and how they can utilize to further understand the
transport in high-mobility GaAs/AlGaAs 2DES.
In Chapter-4, we observed that the shape of the narrow negative-MR effect is not
significantly affected by illuminating the GaAs/AlGaAs 2DES with low-power microwaves, i.e.,
at the power of about P = 0.8 mW. However, experimental data shows an upward peak shift at the
zero field. Our previous studies and other theoretical predictions suggest a possible electron
heating effect in 2DES under MW photo-excitation [69,94,96,189]. Theory suggests that, under
steady-state photo-excitation, the 2DES absorbs energy from the radiation field, that leads to
increasing the effective electron temperature. For example, a theoretical approach by Lei et al.
reported the electron temperature and energy absorption rate as a function of

𝜔𝑐⁄
𝜔 in

GaAs/AlGaAs 2DES under photo-excitation of various MW frequencies [96]. Here, 𝜔𝑐 is the
cyclotron frequency and 𝜔 = 2𝜋𝑓 where f is the incident MW frequency. It shows that the electron
temperature and energy absorption rate is significantly depend on the

𝜔𝑐⁄
𝜔. Recent experimental

studies on the radiation induced amplitude damping of Shubnikov-de Hass oscillations supports
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the theoretical predictions by Lei et al. [69,190]. Further, experimental findings show that the 𝑇𝑒
change due to the MW excitations at zero field regime is significantly greater than that in the
Shubnikov-de Hass region [190]. Under this background, regarding the narrow negative
magnetoresistance effect in ultra-high mobility GaAs/AlGaAs 2DES, some question of
experimental interest arise as follows: (i) What is the influence of photo-excitation on the narrow
negative-MR effect and associated scattering parameters such as length/time? (ii) For what extent
the excising theory such as electron heating effect, can explain the experimental observations? (iii)
Is there any correlation between scattering parameters and microwave-radiation induced MR
oscillations? Therefore, the aim of this chapter is set to investigate the effect of MW on the narrow
negative-MR effect under illumination with relatively high power MW up to about P ≈ 20 mW
and understand the behavior of inelastic length. In this chapter, we will discuss the influence of
MW power on the narrow negative-MR effect and associated characteristic length/times extracted
from line shape fits to the experimental data using 2D WL theory by Hikami et al., which is similar
to the Chapter-5. Further, we will present the effective change in electron temperature, ∆𝑇𝑒 , in
2DES due to the illumination of high power microwaves. The effective temperature change was
extracted from a) SdH-oscillations data [69] and b) zero field resistivity data.
6.2

Experimental
In this study, we used similar GaAs/AlGaAs 2DES specimens and the measurement setup

as discussed in Chapters 4 and 5. To understand the influence MW power on the weak-localization
like narrow negative-MR effect, we carried out measurements on two different GaAs/AlGaAs
samples at various microwave powers P ≤ 20 mW as measured at the sample site using an MW
power meter. In this chapter, data will present for the measurements carried out under illumination
of MW frequency, f=48.5 GHz. The field sweeps were carried out at a rate of 0.0003 Tesla/s in the
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range of -0.05 ≤ B ≤ 0.05 Tesla. Low temperature (~1.7 K) electron densities n and the mobilities
µ of the two samples, i.e., Sample-B and Sample-C were 𝑛𝐵 =2.40 x 1011 cm-2, 𝑛𝐶 =2.38 x 1011
cm-2 and µ𝐵 = 1.18 x 107 cm2/V s, µ𝐶 = 0.66 x 107 cm2/V s, respectively. Then, we fit the data to
the 2D weak localization theory, neglecting the spin orbit scattering term, and also electronelectron interaction effects, in order to minimize the number of fitting parameters.
6.3

Effect of MW-Power on the inelastic length/time
Figure 6.1 exhibits MR data under dark (dashed lines) and illumination (solid lines) of MW

with frequency f= 48.5 GHz, power P as the parameter. One can observe typical MR features of
GaAs/AlGaAs 2DES, including non-oscillatory MR effects such as WL-like narrow negative-MR
effect, that span over -0.025 ≤ B ≤ 0.025 Tesla and oscillatory MIMOs at |B| ≥ 0.02 Tesla. Figure
6.1 (a) and (b) exhibit the experimental data for the high-mobility Sample-B and low-mobility
Sample-C respectively. Both samples show that the 𝑅𝑥𝑥 at B=0 increases with increasing MW
power. Also, FWHM of the narrow negative-MR peak increases as a function of MW power. In
Chapter-5, we observed a similar trend in the narrow negative-MR effect, in which the FWHM of
the peaks and the zero field resistance increased by increasing the bath-temperature, T. Here, one
can observe relatively weak MIMOs in low mobility sample (i.e., Sample-C, Figure 6.1 (b)) and
strong oscillations in high-mobility sample (i.e., Sample-B, Figure 6.1 (a)). The data shows a
signature of initial growth in MIMO amplitudes and then it trends to decrease again upon further
increasing the applied MW power. The MIMO that observed in the low-mobility Sample-C
completely disappears at elevated MW power, i.e., at about P= 8.5 mW. Also, WL-Like negativeMR effect quench faster in low-mobility Sample-C than the Sample-B. Figure 6.1 (b) exhibits that
the narrow negative-MR effect almost disappears at about P= 10.2 mW, whereas in Sample-B it
is not completely quenched even at P=11.5 mW. This could be because the MW polarization angle
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Figure 6.1 Influence of MW power on the narrow, negative-MR effect.
This figure shows the experimental data i.e. 𝑅𝑥𝑥 vs. B, over the magnetic field range of -0.045 ≤
B ≤ 0.045 Tesla. Photo-excited 𝑅𝑥𝑥 data are shown at MW frequency, f =48.5 GHz for (a) SampleB measured at 1.60 K and (b) Sample-C at 1.55 K bath temperature. The vertical arrows indicate
the increasing power from 0 mW to ≈ 12 mW. Dashed lines in (a) and (b) exhibit the
corresponding dark curves.
at the sample site may be different for two samples. Thus the effective power experienced by two
samples may be different. In chapter-5, we discussed the temperature dependence of the narrow
negative-MR effect and calculated the inelastic length, 𝑙𝑖 , using data fits to the 2D WL theory by
Hikami. We used a similar approach to examine the effect of MW power on the narrow negativeMR effect and to extract the corresponding characteristic length scales, 𝑙𝑖 . Figure 6.2 exhibits the
fit (solid line) of power dependent narrow negative-MR data (squares) to the 2D-WL theory using
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equation 5.1. As show in the Figure 6.2, the experimental data, that span over the range -0.02 ≤ B
≤ 0.02 Tesla well describes by the fits.

Figure 6.2 Fit of MW power dependent narrow, negative MR effect using 2D WL theory.
This figure shows the non-oscillatory part of the photo-excited MR data that spans over -0.02 ≤ B
≤ 0.02 Tesla. The vertical arrows indicate the increasing MW power from 0 mW to ≈ 12 mW,
under photo-excitation of frequency, f =48.5 GHz. This panel shows selected data (squares) and
corresponding fits (lines) for (a) Sample-B measured at 1.60 K and (b) Sample-C at 1.55 K bath
temperature. Dashed lines in (a) and (b) exhibit the fits of dark MR data using 2D WL theory.
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Figure 6.3 Influence of MW power on the inelastic scattering length.
This figure exhibits the MW power dependence of the fit extracted inelastic length li, for SampleB at 1.60 K and Sample-C at 1.55 K, as labeled in the graph. Dashed-lines are guides to the eye.
Figure 6.3 summaries the fit extracted 𝑙𝑖 , in both samples 𝑙𝑖 decreases monotonically with
increasing MW power. Also, it indicates that the 𝑙𝑖 of Sample-B ≥ Sample-C throughout the
examined power range. This behavior is similar to what we observed in the Chapter 5, where the
temperature dependence study, the inelastic length was smaller in low mobility sample than the
high mobility sample. It turns out that the influence of nominal power on 𝑙𝑖 is more pronounced in
low mobility sample than the high mobility sample. For example, 50% drop in 𝑙𝑖 occurs at about
P=8.5 mW for Sample-B, while it takes place at about P=2 mW in Sample-C. Possible
explanations for the above behavior of the 𝑙𝑖 can be given as; i) the samples may experience
dissimilar effective power at the sample site due to the difference in MW polarization angle, ii).
the difference in sample conductivities may generate dissimilar MW attenuations at the sample
site [191], and iii) the inelastic scattering rates at a given condition may be different from Sample-

64

B to Sample-C as indicated by their mobility. Next, we will further examine the effect of MW
power on the narrow negative-MR effect aiming to investigate a possible mechanism for the
observations including quenching of the 𝑙𝑖 .
6.4

Influence of MW on the sample effective temperature
As predicted by theory and confirmed by our previous studies, energy from the MW

radiation absorbed by the 2DES leads to increase the electron temperature well above the lattice
temperature. Among various techniques that are used to estimate the electron temperature in these
type of device structures [192-194], here, we will discuss the use of two methods to determine the
change in electron temperature, ∆𝑇𝑒 due to MW photo-excitation and its correlation with the
inelastic length. The first technique is based on the modulation of SdH oscillations and the second
method is based on the change in zero field resistivity, under applied MW radiation.
In the first method, we used a similar technique as explained in reference [69] to determine
the ∆𝑇𝑒 . In this method, we extracted the SdH oscillations amplitude, 𝐴𝑆 from a standard non𝑓𝑖𝑡

linear curve fit of ∆𝑅𝑥𝑥 data using ∆𝑅𝑥𝑥 = −𝐴𝑆 exp(−∝(𝑇) ⁄𝐵) cos(2𝜋𝐹𝑆 ⁄𝐵). As mentioned in
Chapter 5, ∝(𝑇) is the temperature dependent damping factor of SdH oscillations. To extract the
temperature dependent SdH amplitude information ∝(𝑇) was rearranged such that, ∝(𝑇) =∝ 𝑇0 +
𝛽∆𝑇, here ∝ 𝑇0 is the damping at base temperature, 𝑇0 , and 𝛽∆𝑇 accounts for the additional
𝑓𝑖𝑡

damping due to temperature increment, ∆𝑇 = 𝑇 − 𝑇0 . The fit equation becomes ∆𝑅𝑥𝑥 =
−𝐴𝑆 exp(− (∝ 𝑇0 + 𝛽∆𝑇)⁄𝐵) cos(2𝜋𝐹𝑆 ⁄𝐵). By introducing 𝐴𝑆′ = 𝐴𝑆 𝑒 −𝛽∆𝑇/𝐵 the equation
𝑓𝑖𝑡

simplifies to ∆𝑅𝑥𝑥 = −𝐴𝑆′ 𝑒 (−𝛼𝑇0 /𝐵) cos(2𝜋𝐹𝑆 ⁄𝐵). Here, term 𝐴𝑆′ accounts for the change in SdH
amplitude due to the change in temperature, ∆𝑇. The parameters ∝ 𝑇0 and 𝐹𝑆 extracted from the
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Figure 6.4 Major steps involved in the extraction of temperature dependent amplitude of the SdH
oscillations.
Panel (a) Exhibits the temperature dependence 𝑅𝑥𝑥 data in the range of 0.20 ≤ B ≤ 0.50 Tesla, of
the Sample-C for 1.55 K ≤ T ≤ 2.10 K. (b)-(g) These panels exhibit the background subtracted
𝑓𝑖𝑡
𝑅𝑥𝑥 , i.e. 𝛥𝑅𝑥𝑥 data (open squares) and numerical fits (solid lines) using ∆𝑅𝑥𝑥 =
−𝐴𝑆′ 𝑒 (−𝛼𝑇0 /𝐵) 𝑐𝑜𝑠(2𝜋𝐹𝑆 ⁄𝐵) at the indicted temperatures. (h) Exhibit the temperature dependence
of fit extracted 𝐴𝑆′ and semi-log plot of 𝐴𝑆′ vs. T (inset).
𝑓𝑖𝑡

∆𝑅𝑥𝑥 to the lowest temperature and set as a constant during the fit of other temperatures. Figure
6.4 exhibits the steps of calculating 𝐴𝑆′ as a function of temperature in the absence of MW radiation.
Figure 6.4 (a) shows the row SdH oscillations as a function of temperature ranging from 1.55 K to
2.10 K. one can observe that the SdH amplitude decreases as temperature increases. The
background subtracted 𝑅𝑥𝑥 i.e., Δ𝑅𝑥𝑥 (open squares) and a numerical fit (solid lies) using the
𝑓𝑖𝑡

∆𝑅𝑥𝑥 = −𝐴𝑆′ 𝑒 (−𝛼𝑇0 /𝐵) cos(2𝜋𝐹𝑆 ⁄𝐵) are shown in the figures 6.4 (b-g). Also, the Figure 6.4 (h)
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Figure 6.5 Major steps involved in the extraction of MW power dependent amplitude of the SdH
oscillations.
Panel (a) Exhibits the MW power dependence 𝑅𝑥𝑥 data in the range of 0 ≤ B ≤ 0.40 Tesla, of the
Sample-C for 0 mW ≤ P ≤ 17.90 mW. (b)-(h) These panels exhibit the background subtracted 𝑅𝑥𝑥 ,
𝑓𝑖𝑡
i.e. 𝛥𝑅𝑥𝑥 data (open squares) and numerical fits (solid lines) using ∆𝑅𝑥𝑥 =
−𝐴𝑆′ 𝑒 (−𝛼𝑇0 /𝐵) 𝑐𝑜𝑠(2𝜋𝐹𝑆 ⁄𝐵) at the indicted P. (h) Exhibits the temperature dependence of fit
extracted 𝐴𝑆′ vs. P, the solid line represent the linear fit to the data (j) Exhibits the calculated
electron temperature ∆𝑇𝑒 vs P, here the solid line is a guide to the eye.
exhibits the fit extracted 𝐴𝑆′ vs. T, while the semi-log plot of 𝐴𝑆′ vs. T (inset) confirms the
exponential damping of 𝐴𝑆′ on T. Next, we will discuss the damping of SdH oscillations due to the
applied MW of f=48.5 GHz at temperature, T=1.55 K. Figure 6.5 (a) indicates that increasing MW
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power (P ≤ 18 mW) modifies the observed MR effects such that; it increases both zero field
resistance i.e. 𝑅𝑥𝑥 at B=0 Tesla and MIMO amplitude, while it decreases the SdH amplitude. To
𝑓𝑖𝑡

extract damping of SdH amplitude, we performed a similar fit to the Δ𝑅𝑥𝑥 using ∆𝑅𝑥𝑥 =
−𝐴𝑆′

𝑒

𝛼𝑇
0)
𝐵

(−

cos(2𝜋𝐹𝑆 ⁄𝐵) as shown in Figure 6.5 (b-h), here open squares represent the Δ𝑅𝑥𝑥 data

while solid lines represent the fits. The fit extracted 𝐴𝑆′ is shown in Figure 6.5 (i) as a function of
MW power. Then we extracted the electron temperature change Δ𝑇𝑒 , under microwave excitation
by using the dark measurements of SdH amplitude, i.e., 𝐴𝑆′ vs. 𝑇 in figure 6.4 (h)) as a temperature
calibration. Figure 6.5 (j) exhibit the determined Δ𝑇𝑒 as a function of MW power. Under these
conditions, the electron temperature increases monotonically with MW power. In Sample-C, the
rate of change in Δ𝑇𝑒 is about 0.015 K /mW. Here, modulation of SdH oscillations is an indication
of electron heating effect due to the incident MW radiation. One can interpret the observed power
dependence of 𝑙𝑖 as a results of changing electron temperature due to the applied MW on the 2DES,
that enhance the scattering events, eventually decreasing the inelastic length.
In the second method, the influence of MW radiation on the zero-field resistivity was used
as a measure of electron temperature. Figures 6.6 (a)-(e) exhibit the main steps that involved in the
analysis of effective electron temperature using zero field resistivity. Experimental data and the
analysis shown here represent such calculation for Sample-B as an example. Figure 6.6 (a) shows
the effect of bath temperature, T that spans over 1.6 K < T < 4.2 K, on the magnetoresistivity data,
𝜌𝑥𝑥 under dark conditions. As shown in the Figure 6.6 (b), the 𝜌𝑥𝑥 at B=0 Tesla under dark
condition increases monotonically with increasing temperature. Similarly, we expect that the
absorption of MW radiation may increase the effective electron temperature well above the lattice
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Figure 6.6 Determination of effective electron temperature, Teff using zero field resistivity data.
(a) This figure shows dark magnetoresistivity data i.e. 𝜌𝑥𝑥 vs. B for -0.05 ≤ B ≤ 0.05 Tesla of
Sample-B at different temperatures from 1.60 K to 4.20 K. (b) Exhibits the 𝜌𝑥𝑥 at B= 0 Tesla vs.
bath temperature, T, solid line represent the best linear fit to the data. (c) Photo-excited 𝑅𝑥𝑥 data
of Sample-B at various power are shown at MW frequency, f =48.5 GHz. (d) Zero field resistivity
i.e. 𝜌𝑥𝑥 at B= 0 Tesla vs. MW power P, the solid line represent the best linear fit to the data (e)
this panel shows the calculated effective temperature 𝑇𝑒𝑓𝑓 vs. P for the Sample-B.
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temperature and consequently the zero-field resistivity may also increase. We used the temperature
dependent zero field resistivity data as a temperature calibration to determine the effective electron
temperature due to the energy absorbed from MW radiation. The figure 6.6 (c) shows typical
microwave induced magnetoresistance data in the field range of -0.045 < B < 0.045 Tesla, under
the excitation of frequency, f=48.5 GHz at various MW powers. Figure 6.6 (d) exhibits the effect
of MW power on the zero-field resistivity, i.e. 𝜌𝑥𝑥 at B=0 Tesla, that increases monotonically with
increasing MW power as expected. Slope and the intercept obtained from the linear fit to data in
figure 6.6 (b) were used to calculate the effective temperature increment against the MW power.
Figure 6.6 (e) exhibit the effective temperature vs. the MW power of the Sample–B at 1.60 K bath
temperature. Here, the rate of change in Δ𝑇𝑒 is about 0.098 K/mW for Sample-B, and that for
Sample-C is 0.183 K/mW, which are significantly greater than the Δ𝑇𝑒 calculated using the
damping of SdH oscillations.

Figure 6.7 Influence of MW induced electron heating on the inelastic scattering length.
This figure shows the 𝑙𝑖 vs 𝑇𝑒𝑓𝑓 for Samples-B and C. Note that 𝑇𝑒𝑓𝑓 is the temperature calculated
using zero field resistivity as shown in the figure 6.6. Solid lines represents 𝑇 −2 law fit to the 𝑙𝑖
data for Sample-B (Left ordinate) and Sample-C ( Right ordinate).
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Figure 6.7 exhibit the inelastic length, li vs effective electron temperature, Teff determined using
the zero-field resistivity data as described above. For both samples B and C, the 𝑙𝑖 data follows the
𝑇 −2 curve (solid-lines in Figure 6.7). This is similar to the bath-temperature dependence inelastic
length that is discussed in Chapter-5. The behavior of 𝑙𝑖 α 𝑇 −2 suggest that the major inelastic
scattering events may be the electron-electron type. One can understand the influence of MW on
the inelastic length and the WL-like narrow negative MR effect as a consequence of electron
heating due to the absorption of MW radiation by the 2DES. Absorption of MW results in
increasing electron temperature and eventually that increases the electron-electron scatterings
quenching the inelastic length 𝑙𝑖 as a function of applied MW power.

Figure 6.8 Comparison of temperature dependence and MW power dependence inelastic lengths.
Left ordinate represent the li extracted from temperature dependence data for Sample-B (see
Figure-5.4) and the right ordinate shows the li extracted from MW power dependence WL-like
narrow magnetoresistance data (see Figure 6.7) for the same sample.
Figure 6.8 exhibits a comparison of inelastic length values of the Sample-B, i.e. 𝑙𝑖 calculated
in Chapter-5, as a function of bath temperature T, and 𝑙𝑖 data shown in figure 6.7 with Teff as the
parameter. As we discussed in the Chapter-5, the 𝑙𝑖 deviates from the 𝑇 −2 law fit curves and shows
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a tendency of saturation at low temperatures. However, unlike the temperature dependency of 𝑙𝑖 ,
the values calculated in this chapter does not show any saturation, and it follows 𝑇 −2 law curve
even at the lowest effective temperatures, Teff. Moreover, as far as the effective temperature
calculated using the zero field resistivity data is considered, one can observe that the rate of
decreasing the inelastic length is higher in the presence of MW radiation. For example, consider
Sample-B that discussed in Chapter-5, Figure 5.4; 50% change in 𝑙𝑖 occurs when the bath
temperature is increased up to about 4.5 K. However, in the presence of MW, 50% drop in 𝑙𝑖 takes
place when the calculated Teff is about 2.8 K. This result provides an insight that the MW radiation
is more effective in decreasing the inelastic length and eventually destroying the phase coherence
of the carriers in 2DES. However, further experimental and theoretical studies are needed to
understand the effect of MW radiation on the inelastic scatterings events and the WL-like narrow
negative-MR effect of the 2DES.

6.5

Discussion and Summary
In Chapter 5, we discussed the effect of bath temperature on the narrow negative MR effect

that appears around zero magnetic fields. It shows that the fit extracted inelastic length
monotonically decrease with increasing temperatures and it follows the 𝑇 −2 law curves above ≈ 3
K. Fit extracted inelastic length satisfy the condition, 𝑙𝑖 > 𝑙𝑆 , suggesting that the observed narrow
negative MR effect may be a result of a WL-like mechanism that originates from coherent back
scattering due to small angle scatterings from remote ionized impurities in ultra-high mobility
GaAs/AlGaAs 2DES. We observed a similar behavior in narrow negative MR effect around the
null magnetic field upon photo-exciting the 2DES with relatively high power microwaves. MW
power dependence study also exhibits that the fit extracted inelastic length monotonically
decreases with increasing MW power. Suppression of the WL-like narrow negative
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magnetoresistance can occur due to either electron heating effect or dynamic suppression of
coherence backscattering events by the incident microwaves [96,195-197]. In this study, we kept
MW frequency as a fixed parameter and varied the incident power. Therefore, at high power when
the heating becomes the dominant effect, we assume that the resistivity/conductivity change under
the influence of MW radiation mainly originates as a result of increasing the electron temperature
[195]. Therefore, in this study, we further examined the electron heating effect due to the
absorption of MW radiation power as one possible mechanism that suppress the WL-like negative
magnetoresistance and associated inelastic length/time in these specimens.
As theory suggest, the absorption of energy from MW radiation results in increasing the
2D electron's temperature well above the lattice temperature. Even though the energy absorption
rate is small in high-mobility 2DES at low temperatures ≈ 1 K, electron heating is still significant,
because, in the same time, the energy dissipation rate to the lattice through electron-phonon
scattering is also small. These mechanisms may lead to increase the effective electron temperature
of the 2DES. Influence of MW power on the electron heating effect has been correlated to the
simultaneous modulation of the SdH oscillations upon illumination. Studies show a strong
modulation of SdH oscillations by illuminating with different MW frequencies in both low
(

𝜔𝐶⁄
𝜔𝐶
𝜔 < 1) and high ⁄𝜔 > 1 magnetic fields. Moreover, damping of SdH oscillation has been

widely used as a technique to determine the carrier effective mass and single particle scattering
time/length in 2DES. Also, it can utilize to quantify the electron heating under illumination of
MW. In this chapter, we used a similar method used by Ramanayake et al. in 2013, to calculate
the change in electron temperature due to the absorption of MW. Even though, note that the WLlike narrow negative MR effect is observed around zero magnetic fields while the analysis of SdH
oscillations was carried out in the range of 0.25 ≤ B ≤ 0.45 Tesla, which is above the expected
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cyclotron resonance field under 48.5 GHz excitation, which is at B=0.1161 Tesla. The maximum
MW energy absorption rate of GaAs-based 2DES occurs when the
where

𝜔𝐶⁄
𝜔 = 1, and at its harmonics

𝜔𝐶⁄
𝜔𝐶
1 1 1
𝜔 = ⁄2 , ⁄3 , ⁄4, while it is relatively less when ⁄𝜔 > 1. At low fields which is

smaller than the cyclotron resonance, GaAs/AlGaAs 2DES absorbs MW radiation energy through
inter-Landau level transitions [96]. In this study, for the frequency, f= 48.5 GHz, SdH oscillation
appears when

𝜔𝐶⁄
𝜔 > 1. Therefore, the energy absorption from the MW radiation field in the

SdH region is relatively less than the low magnetic fields and zero magnetic field. As a
consequence, one would expect that the change in the electron temperature is relatively less in the
SdH oscillation region. It turns out that the calculated Δ𝑇𝑒 using SdH amplitude modulation data
does not purely reflect the actual electron heating effect in the vicinity of the null magnetic field,
where we observe the narrow negative MR effect. However, damping of SdH oscillations and
corresponding electron temperature calculations can still use as an indicator of electron heating
effect due to the absorption of energy from the MW radiation. Further, analysis of SdH oscillations
suggests that the observed power dependence characteristic of the narrow negative-MR feature is
mainly due to the electron heating effect governed by the absorbed MW radiation.
To understand the electron heating effect in the vicinity of the null magnetic field, we used
another technique in which the effective electron temperature changes due to the absorption of
energy from the MW radiation was calculated using zero field resistivity data. This method is
discussed in Section 6.4. The results show that the effective electron temperature calculated using
zero field resistivity is significantly greater than the values that were calculated using amplitude
damping of the SdH oscillations. Here, for example, in Sample-C, the rate of change of electron
temperature calculated using zero field resistivity data (0.183 K/mW) is about 12 times greater
than the rate calculated using SdH oscillation data (0.015 K/mW). The observed mismatch in the
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effective electron temperatures calculated using these two methods may originate from the
dissimilarity in MW energy absorption rates by the 2DES, that highly depend on the corresponding
B-field, as theoretically predicted by Lei et al. in 2005 [96].
In Chapter-5 We discussed the influence of bath temperature on the inelastic scattering
length calculated for the same device structures (for example Sample -B). Figure 6.8 exhibit a
comparison of inelastic scattering lengths calculated under two different conditions, i.e. i) as a
function of bath temperature (as discussed in Chapter-5) and ii) as a function of effective electron
temperature, that originates due to MW photo-excitation. The graphs exhibit that the inelastic
scattering lengths are not identical and do not follow the same trend. In other words, the rate of
change in inelastic length is more pronounced in the presence of MW radiation. For example, in
Sample-B, 50% change in inelastic length 𝑙𝑖 occurs when the bath temperature is increased up to
about 4.5 K. However, in the presence of MW, 50% drop in 𝑙𝑖 takes place when the calculated
𝑇𝑒𝑓𝑓 is about 2.8 K. This led to further investigate other possible mechanisms that destroy the
phase coherence of carries in the presence of MW. In 1981 Altshuler et al., proposed a theory
regarding the effect of radio-frequency (rf) electric field on the quantum-mechanical correction to
the conductivity/resistivity, which arises from the localization effect. This study suggested that the
rf electric field should disrupt the phase of the carriers wave function and destroy the interference
correction to the conductivity [197]. Later, in 1986, Vitkalov et al., reported an experimental
findings about suppressing the localization effect of an inversion layer on the surface of silicon
that subjected to MW radiation [195,196]. Radiation induced effect is pronounced when the nonheating effect predominates at low power photo-excitation. Based on our observations and the
available reports, it turns out that, in addition to the electron heating effect, MW may destroy the
phase coherence of the electron’s wave functions thus suppressing the WL-like effects. Therefore,
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one can expect an additional suppression/change in the inelastic length in the presence of MW
photo-excitation. In other words, MW radiation may be more effective in decreasing the inelastic
length compared to the temperature effect alone. However, additional experimental work is needed
to further clarify the effect of MW on the inelastic scattering length in GaAs/AlGaAs 2DES and
its effect on the radiation-induced magnetoresistance oscillations and other associated MR effects.
Finally, it turns out that the observed MW power dependence narrow-negative MR feature can be
mainly considered as a consequence of electron heating due to the energy absorbed from the MW
radiation. The Energy absorbed from the radiation field thermalizes the system thus increasing the
electron-electron scattering rate. This mechanism is confirmed by the fit extracted inelastic length,
𝑙𝑖 , which decreases with increasing MW power, indicating that the length between two successive
dissipative electron-electron scattering events becomes smaller as a function of MW power.
In Summary, we observed a significant modulation in WL-like narrow negative-MR effect
under MW radiation with a relatively higher power. This effect is expected to originate as a result
of excess electron heating well above the lattice temperature due to the absorption of energy from
radiation fields. We quantified the effective electron temperature change using two different
techniques. It shows that the effective electron temperature calculations using zero field resistivity
data is reasonable and the analysis consistent with the available theoretical predictions. One can
conclude that the energy absorbed from the radiation field thermalize the 2DES system and
increase the effective electron temperature, thus increasing the electron-electron scattering rate.
As a result of increasing scattering rates, the inelastic length decreases and the associated WL-like
narrow negative-MR feature in GaAs/AlGaAs 2DES disappears.
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7

SUMMARY

In summary, this dissertation focused on the analysis of experimentally observed lowtemperature magnetotransport properties in GaAs/AlGaAs 2DES specimens. i) Separation and
investigation of the mutual influence between DC-current tunable negative-GMR and radiationinduced magnetoresistance oscillations. ii) Effect of temperature on the WL-like narrow
negative-MR effect around the null magnetic field, and iii) Effect of electron heating due to
MW photo-excitation on the WL-like narrow negative-MR effect.
The experimental investigation carried out by applying supplementary DC-current in
the presence of MW-radiation shows that 𝐼𝐷𝐶 tunable giant magnetoresistance can coexist with
radiation-induced magnetoresistance oscillations in the GaAs/AlGaAs 2D electron system. The
data analysis showed that these two effects are separable and can be separated using a two-term
Drude multi-conduction model. It appears that the radiation-induced magnetoresistance
oscillations have a minimal effect on the current-tunable non-oscillatory magnetoresistance.
The results suggest that the supplemental 𝐼𝐷𝐶 serves to produce an overall decrease in the
diagonal conductivity, and this serves to reduce and eventually eliminate the conductivity
enhancements at the peaks of the radiation-induced oscillatory magnetoresistance.
The analysis of the temperature dependence WL-like narrow-negative magnetoresistance
effect offered three main outcomes of the study. First, the fit extracted inelastic length, 𝑙𝑖 ,
decreased with increasing temperature, and followed 𝑇 −2 law curve is suggesting that the main
scattering events are the electron-electron type. Secondly, the inelastic length 𝑙𝑖 holds the
condition that the 𝑙𝑖 > 𝑙𝑒 at all the temperature range, which is not what would be expected for
canonical weak-localization. However, the analysis of single particle scattering parameters, i.e. 𝜏𝑠
and 𝑙𝑠 shows that 𝑙𝑖 > 𝑙𝑆 , which suggests the interpretation that the observed small and narrow,
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WL-like negative magnetoresistance effect originates from coherent backscattering due to small
angle scattering from remote ionized donors in the high mobility GaAs/AlGaAs 2DES. Finally,
the logarithmic temperature dependence of the conductivity change, ∆𝜎 further strengthens the
claim that the observed narrow negative MR effect could be a manifestation of the well-known
WL-like effect in metals and semiconductors. Additionally, we observed that the inelastic length
deviates from the 𝑇 −2 law curves and trends to saturate at low temperatures.
The analysis of the experimental data suggests that the MW power dependent WL-like
narrow negative-MR effect originates from the heat absorbs from the incident radiations. This
result further confirmed by the calculated electron temperature changes using the MW-induced
damping of the SdH amplitudes and the associated resistivity changes at the zero field.
Surprisingly, the power dependence inelastic length follows the 𝑇 −2 law curves, suggesting an
electron-electron type inelastic scattering process that decreases the inelastic length as a function
of applied MW power. However, there is no sufficient information to confirm the 𝑇 −2 correlation
and to describe the exact behavior of the MW power dependent inelastic length in terms of
electron-electron scattering. The results suggest that the MW radiation is more effective in
quenching the WL-like narrow negative-MR effect and decreasing the inelastic length compared
to the bath-temperature effect. The observed mismatch between the calculated effective electron
temperatures using two methods well described the B-field dependence of the MW energy
absorption rate by the 2DES, as predicted by the theory.
We hope that the result presented here based on the experimental data and the analysis
will contribute to a better understanding of the underlying physics behind the low-temperature
magnetotransport properties of GaAs/AlGaAs 2DES, specifically, the results based-on negative
magnetoresistance effects including both negative-GMR and WL-like narrow negative-MR. Also,
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it would be interesting to correlate these results with the observations of radiation-induced
magnetoresistance oscillations and acquire a better understanding of the 2DES under various
external parameters. However, there are some interesting questions, still need to be answered; i)
What is the interplay between negative-GMR and other MR effects other than MIMO? The
method we introduced here to separate overlapping MR effects using Drude multi-conduction
model can be even applied to extract and study other coexisting effects such as phonon induced
resistance oscillations in a similar type of device structures. ii) We observed a saturation in
inelastic length at low temperatures, the saturation of inelastic length does not satisfy the
requirements of the inelastic model as proposed by Dmitriev et al. [97], in which the inelastic
length/time is expected to increase as 𝑇 −2 or 𝑇 −1 . This opens an opportunity to an extensive
investigation of the temperature effect on the inelastic length in terms of the inelastic model, and
it will contribute to a better theoretical understanding of the radiation induced magnetoresistance
oscillations. iii) We observed that the elevated MW power modulates the narrow negative-MR
effect around the zero field. It would be interesting to study the effect of high power MW on the
negative-giant magnetoresistance and check whether electron heating effect modulates the GMR,
iv) Finally, it is worth to study the effect of other parameters such as electron density, on the
negative magnetoresistance effects in GaAs/AlGaAs 2DES. These interesting questions still need
to be solved by carrying out additional experiments in the future.
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